Design of a sanitary sewer system network by M. Sharaf, Imad Eldin Shareif
 
University of Khartoum 
 
Faculty of Engineering & Arch. 
 
Department of Civil Engineering 
 
 
Design of a sanitary sewer system network 
 
The case study: - 
 
 
ELSAFIA CITY 
 
A thesis submitted as partial fulfillment of the Master Degree of science in 
Environmetal Engineering to the Department of Civil Engineering  
 
 
 
BY 
 
 
Imad Eldin Shareif M. Sharaf Eldin 
 
 
2004 
 
 
Supervisor 
 
 
 
Dr. Mohammed A. Khadam  
Acknowledgements 
 
My sincere gratitude to Doctor M. A. Khadam for his assistance and 
guidance in this thesis. I would also like to express my gratitude to him for 
contributing valuable insights in the development of the research. 
A warm thanks to the staff of the Corporation of the Survey whom 
provided me with the assistant maps, and the staff of Shambat Unit in the 
locality of Bahry, whom have assisted me in everyway to make my stay in 
the island fruitful and noteworthy: to the city government of El SAFIA, for 
providing me with the relevant information for the research and for making 
my field survey in the community possible, and their warm hospitality; and 
assistance and cooperation during the field survey. 
My sincere gratitude to Ustaz Asim Elsanosi and Ustaz Hatim for 
their kind assistance throughout my research. I am also very grateful to our 
staff of the Environmental Engineering Option in this University and to their 
generous support, which enabled me to pursue higher studies. 
My warmest gratitude to my friends and my colleagues for their 
continuous support. 
And a very special thanks to my parent, brothers and sisters, for their 
love and prayers. 
 
 
Abstract 
 
Sewer system is an important sanitation option in pre-urban areas of 
developing countries, especially as it is often the only technically feasible 
solution in these high-density areas. It is the purpose of this thesis to 
disseminate this technology in the case study, so that to improve the health 
of the community. However, sewer system is not just for pre-urban areas – 
it can be successfully and appropriately used in middle-and upper-income 
areas as well. 
The on-site sanitation systems used extensively, coupled with 
improper disposal of effluents (septic tanks and disposal wells) have 
become the main source of pollutants to environment. Ground water 
quality in particular will be adversely affected by chemical pollution due to 
the intense disposal of septic tanks effluents into shallow aquifers. 
The thesis was organized in five chapters :Chapter (1): Introduction, 
Chapter (2): Literature review, Chapter (3): Methodology and Materials to 
include: Preparation for field survey for the case study. Field survey in 
ALSAFIA urban area, as a source of primary data. Apply codes of practice 
to design sanitary sewer system. Chapter (4): Analysis of data and 
Discussion : Analysis of the data from the field survey involves the 
analysis of sanitation and environmental conditions in the case study and 
designing a sewer system network as a provision of sanitation systems for 
the community. Chapter (5): Conclusions and Recommendations. 
An area in Khartoum north (Elsafia area) was selected to carry out a 
design for conventional sewers system due to its dense population and 
intensive use of septic tank and disposal of effluent into ground water 
aquifers. Promising results were obtained from the research and can be 
implemented to reduce the environmental risk of on-site sanitation.           
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From the results obtained on the 
table we note that the network 
extend to a length of (1.150 to 1.300 
km) and a width of (0.675 to 0.800 
km) serving about 70 blocks. The 
sewers line are 98 lines with the 
diameters range between 150 to 600 
mm, two of them have a diameter of 
150 mm, and five of the main 
sewers have 600 mm with the length 
of 50 m, 195 m, 150 m, 75 m, and 65 
m with the allow a growth increase 
of 50% in the future. The gradients 
are in the range 0.004 to 0.015. The 
self – cleansing velocities range 0.63 
to 2.984 m/sec (see the profiles 
figures). 
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Chapter One 
Introduction 
 
1.1 The Need For Sanitation  
 
The discharges of domestic wastewater are considered one of the most 
significant threats to sustainable environment. It is generated in a 
neighborhood of houses, shops, small factories, etc.  If it is not drained away 
it poses a serious health risk to the habitat.  In much of the developing 
world’s towns lack of sanitation is a continuing major concern.  It creates 
public health risks especially in the large, so-called pre-urban zones where 
low-income families and small and medium-sized industrial activities are 
located.  To protect the neighborhood, first funds must be dedicated to its 
sanitation aimed at directing its wastewater either to rivers in the vicinity via 
sewers (the off-site strategy) or into the soil and shallow groundwater via 
household disposal systems such as septic tanks or latrines (the on-site 
strategy).  The latter strategy tends to be of lower cost and is socially more 
feasible in the poorer regions. 
The excreta-disposal systems can be classified in several ways. A 
basic classification is based on whether the waste is disposed of within the 
site or is transported somewhere else. Under this classification, the 
technology is either on-site or off-site systems. On-site sanitation systems 
include those in which safe disposal of excreta takes place on or near the 
plot or site of the toilet. Systems included in this classification are; overhung 
latrines, trench latrines, pit latrines, ventilated improved pit latrines (VIP), 
composting latrine, pour-flush latrines, and septic tanks. Off-site sanitation 
systems include those in which excreta are collected from the individual 
toilets and carried away from the plot to be disposed of. Vault and cartage 
and bucket latrine are included in this category. Some of these systems 
involve the use of water and are therefore classified as wet systems. Others 
disallow the use of water, even for hygienic purposes, and are therefore 
classified as dry systems.      
 For a long time prevailing rural economies and low population 
densities kept pollution localized and prevented it from spreading over into a 
wider environment. With modest human consumption levels and no drains to 
convey sewage away, the rivers and urban areas remained comparatively 
free of man-caused pollution.  In addition, the absorption capacity of the 
natural environment was adequate to deal with such modest pollution loads.  
The pollution load into the environment has increased concomitantly, 
to the point that in many places nature cannot any longer cope with these 
pressures and the very basis of several economic activities becomes 
threatened. With strong sustained growth in population and economy we are 
likely to witness even more critical moments in the next decades. (1) 
Proper sanitation promotes health, improves the quality of the 
environment and thus, the quality of life in a community. Sanitation refers to 
the safe collection, transportation, treatment and disposal of human wastes. 
In developing countries, improvements in practices of disposing of human 
excreta are crucial to raising levels of public health. An increasing amount of 
literature suggests that health problems result from the lack of sanitation 
facilities, especially among the urban poor living in overcrowded informal 
settlements. Invariably, it is the poor who suffer the most from the absence 
of safe water and sanitation because they lack not only the means to provide 
such facilities but also the information on how to minimize the ill-effects of 
the unsanitary conditions in which they live.(2) As a result, the negative 
effects of unsanitary living conditions lower the productive potential of the 
people who can least afford it.  
Sanitary disposal of human waste is necessary for the following 
reasons: to eliminate the causative agents of those water and excreta-related 
diseases; to convert waste into readily re-usable resources and so conserve 
both water and nutrients; and to prevent the pollution of any body of water 
(ground water or surface water) to which the effluent escapes after re-use or 
into which it is discharged without re-use. The organic pollution of water is 
especially undesirable as it interferes with the use of water for drinking and 
other domestic, industrial or agricultural purposes; it interferes with aquatic 
life and it may drastically disrupt the ecology of the surrounding area. 
 Sanitation is an important in communities where there is constant 
contact with the polluted environment. As these communities continue to 
grow and practice the unsanitary means of waste disposal, their presence in 
these urban areas can pose harm to themselves and to their environment. 
Therefore, the proper collection, transportation, treatment and disposal of 
human excreta are crucial in the protection of community health and in the 
improvement of their environment.  
1.2 Scope of the Study: 
 
The scope of the study is to carry out detailed design of a sewer 
network for an urban district where on-site sanitation system is in use. This 
on-site sanitation system imposes many environmental hazards.  
1.3 Objectives of the Thesis:  
The main objectives: 
     1. To study a prototypical urban area and be able to define sanitation and 
environmental problems comprehensively.  
     2. To identify key considerations in the provision of sanitation systems in 
the case study.  
3.To upgrade the on-site system by off-site system. 
     4. To present detailed design of sewer network and pump station with a 
rising main to the main pumping station, and then to the wastewater 
treatment plant at El Haj Yosif area.   
 
 
 
Chapter Two 
Literature Review 
 
 
2.1 Wastewater Characteristic 
2.1.1 Definition: 
 
Wastewater is what we flush and what goes "down the drain". It 
comes from many different sources, both domestic and industrial, and 
contains many different compounds. 
Contrary to what most people believe, domestic wastewater does not contain 
"exotic" chemicals, metals or highly toxic substances. Wastewater is 
composed primarily of natural organic substances, which are the byproduct 
of human, animal and plant processes. The primary elements in the 
wastewater include nitrogen, phosphorous, ammonia, and carbon. The large 
quantities present in the wastewater could be harmful if they were not 
removed. Some countries wastewater treatment facility removes about 90% 
of these compounds before the water is released to the environment. 
2.1.2 Sources of Wastewater 
The major household contributors of wastewater are toilets, sinks, 
showers and floor drains. 
Most of the water used in a home ends up in the Sanitary Sewer System. 
• 40% is flushed down the toilet  
• 30% is used in showers and baths  
• 15% is used for dishwashing and laundry 
Combined, these account for 85% of household wastewater and the majority 
of residential wastewater. 
 
Another major source of wastewater is the weeping tiles in some 
homes. Weeping tiles are pipes surrounding the foundation of buildings that 
absorb any excess moisture near the foundation to protect it from water 
damage. Unfortunately, improper grading can result in large amounts of 
surface water entering the Sanitary Sewer during rainstorms. During major 
storms, these large flows can overload a sanitary system, causing sewage 
backup and widespread basement flooding. To control this flooding and put 
the responsibility for lot grading back on homeowners, City Council passed 
a bylaw in 1994, which prohibited the connection of weeping tiles to the 
Sanitary Sewer. This change should significantly reduce the amount of water 
in the Sanitary Sewer System in new areas, especially during major storms. 
 
Some countries have strict bylaws pertaining to waste water disposal, 
which helps protect the environment from harmful substances that our 
treatment system may not be able to remove. The bylaws impose strict 
penalties for discharging these substances into the sewers. In general, 
anything that could harm the sewer, animals, vegetation or humans is not 
permitted in the sewer system. These include (but are not limited to): 
• paints  
• organic solvents  
• any corrosive matter (by itself or in combination)  
• any dye that may alter the color of sewage works effluent 
 The "strength" of the wastewater is measured by how quickly a 
sample of a specific size, at a specific temperature consumes oxygen. The 
Biological Oxygen Demand (BOD) of the wastewater before treatment 
averages about 280 mg/L. The BOD of the water after treatment is about    8 
mg/L. 
 
Inspectors can test the quality of the wastewater entering the system. 
This allows the City to regulate disposal and ensure compliance with the 
bylaw. Some countries have strict penalties for those who discharge harmful 
wastes. These include a series of fines and possible disconnection from the 
public sewer system. 
 
Some industries have wastewater with high levels of phosphorous, 
nitrogen, or grease. While not prohibited, these high levels cause increased 
maintenance and operational costs to treat the sewage. If the strength of the 
wastewater is above the levels specifies in the bylaws, the City can either 
charge extra for the treatment or require the industry to pre-treat its waste. If 
an industry is found discharging prohibited substances, the City can impose 
strict fines or disconnect the service. 
 
 
2.2 Collection System and Treatment 
The Sanitary Sewer Collection System is a complex network of 
underground pipes. These pipes have service connections, which connect 
almost every building in the City.  
Early in the mid-1970s, international agencies and national 
governments identified alternative low-cost sanitation technologies that 
could be adequately applied in rural and low to medium density urban 
settlements.(3) The search for alternatives has been partly motivated by the 
need for an incremental approach to sanitation that is perceived as economic 
since very few cities in developing countries have the resources to build a 
complete sewerage system for the entire population in one construction 
project. There have been developments in modifying the various 
technologies with the goal of making them simpler in installation, use and 
maintenance, and in eliminating or reducing the handling of fresh excreta. 
There are many generic types of systems for human waste disposal offering 
different degrees of user convenience, protection against the spread of 
diseases and water demand for their operation.  
 
The following describes Sewerage System for the City of Camrose 
in Indian Ocean: 
 
The pipes are made from several different materials. These materials 
vary, depending on the time they were installed. Concrete and clay tile pipes 
are common in the older areas of the City. Newer districts are more likely to 
use PVC since it is less susceptible to cracks and breaks. PVC has more 
tightly sealed joints so there is less leakage. It is also smoother, so it allows 
better flow characteristics. The size of piping varies from 100 mm (4 inches) 
to 600 mm (24 inches) in diameter, depending on the expected flow rates for 
the area. 
 
The Sanitary Sewer System is designed so that all of the waste 
collected flows "downhill" by gravity to the main pump station at the 
treatment facility south of Camrose. All of the wastewater in Camrose is 
transported by gravity to the Wastewater Treatment Facility except for a few 
houses on 58th Street and the highway commercial area west of 68th Street. 
Each of these areas requires a pumping station to "lift" the wastewater to the 
adjacent gravity sewer. A trunk sewer runs along the Camrose Creek Valley 
to the main pump station at 23 Avenue. Just before the wastewater enters the 
main pump station it passes through the comminutor grinder. The 
comminutor is a cylinder with sharp blades that shred larger materials (such 
as rags, cans or pieces of wood) in the wastewater so they do not clog the 
pumps. 
  
The pump station "lifts" the sewage from the valley to the wastewater 
treatment facility. The pump station has three pumps, which can work 
independently or in unison. Typically, only one pump is required at a time, 
though during heavy rainstorms, more may be necessary. The pumps are 
controlled automatically to adjust to changing flows.  
  
Since it is impossible to shut off the sewage flow from the City, 
emergency standby is necessary. The pump station houses a backup 
generator in case of power failure, and an emergency overflow lagoon is also 
available for raw sewage diversion if complete pump station failure occurs. 
The emergency lagoon is a grassed area, which can be filled in an 
emergency-preventing overflow of the raw sewage to Camrose Creek. 
 
The generator starts automatically if there is a power failure, and an 
operator is called if there is any problem, or if any unauthorized person 
enters the station. 
 
Once wastewater reaches the treatment facility it must undergo 
several steps before it can be released back into Camrose Creek. Camrose 
uses a natural treatment process for its wastewater treatment. No chemicals 
are added to the water. Instead, an aeration system is used which enhances 
the natural bacterial breakdown of the nutrients in the water.  
 
2.3 Sanitation systems Options  
Among the criteria developed, feasibility under adverse ground 
conditions is the most important consideration, which inevitably limits the 
options for the community. This factor eliminates on-site options such as the 
pit latrines, aqua privy and septic tanks. Hence, sanitation systems, which 
can be built above the ground or those without soil requirements, are 
favorable for the community. Included are the composting toilets, bucket 
latrine, vault and cartage, shallow sewer system and the small bore sewer 
system. The following discussion identifies the limitations and potentials of 
these sanitation options in their application to the case study. 
 
 
 
 
2.3.1 Shallow Sewer Systems  
 
Among the sanitation systems included in this evaluation, the shallow 
sewer system proves to be the most feasible. Also known as the small 
diameter sewerage, this system has emerged as a result of adapting the 
design standards of the conventional sewerage to suit the physical conditions 
of urban low-income settlement, such as adverse ground conditions, high 
settlement density and high water consumption. The system is designed to 
accept all household wastewaters, excreta, toilet flush water and sullage in 
their fresh state for off-site treatment and disposal.  
 
As applied in the urban poor in Brazil, the system consists of small 
diameter pipes, normally 100 millimeters, laid on flat gradients in shallow 
trenches. They are usually laid in backyards and narrow back alleys. 
Inspection chambers are built at intervals along the length of sewer lines to 
facilitate house connections and provide access for maintenance. Once the 
shallow sewer emerges from the block, various options exist: it can be 
connected to a conventional sewer, to a communal septic tank, or discharged 
straight into waste ponds. The choice depends on the site.(4)   
 
A significant advantage of the shallow sewer system not found in the 
other options is the simultaneous collection and treatment of wastewater 
with human waste. The system does not rely on large quantities of flushing 
waters for their trouble-free operation but on the high frequency with which 
wastewater can pass through them. With the use of this system, the large 
amount of wastewater is disposed of properly.  
2.3.2 Small Bore Sewer System 
 
The small-bore system, like the shallow sewer, is an improvised 
version of the sewerage system, which has incorporated the requirements of 
high density, low-income communities. It involves the upgrading of systems 
using on-site leach pits or soakaways, such as the septic tank, by connecting 
them to small bore sewer systems so that their partially treated effluents are 
removed for treatment and disposed of off-site. Such upgrading is possible 
when the level of water consumption increases, as a result of an increased or 
improved water supply in the community. With the effluent conveyed in a 
small bore sewer system partially treated; lower water flow velocities are 
required to prevent solid deposition within them. Hence, small diameter 
pipes are used and are laid at flatter gradients.  
 
Like the shallow sewer system, the small-bore sewer can be built even 
in adverse ground conditions since waste is transported to another site for 
treatment. It can be applied in high-density communities, requires no 
wastehandling or manual transportation of waste, allows the usage of water 
for toilet hygiene and incorporates the disposal of wastewater. One 
limitation it has, however, as compared with the shallow sewer system, is its 
feasibility in the water zone. Since this system entails the usage of on-site 
systems such as the septic tank for each household, the construction of such 
tanks above the water is technically not feasible. An alternative for this is the 
incorporation of the shallow sewer system applied in the water zone with the 
small-bore sewer applied in the transition and dry zones.  
 
 
2.3.3 Small Diameter Gravity Sewers  
2.3.3.1 Description 
 
Small diameter gravity sewers (SDGS) are rapidly gaining 
popularity in unsewered areas because of their low construction costs. 
Unlike conventional sewers, primary treatment is provided at each 
connection and only the settled wastewater is collected. Grit, grease and 
other troublesome solids which might cause obstructions in the collector 
mains are separated from the waste flow and retained in interceptor or 
septic tanks installed upstream of each connection. With the solids 
removed, the collector mains need not be designed to carry solids, as 
conventional sewers must be. 
 
Large diameter pipes designed with straight alignment and 
uniform gradients to maintain self-cleansing velocities are not 
necessary. Instead, the collector mains may be smaller in diameter, laid 
with variable or inflective gradients. Fewer manholes are used and most 
are replaced by cleanouts except at major junctions to limit 
infiltration/inflow (I/I) and entry of grit. Primarily hydraulics rather 
than solids carrying capabilities as with conventional gravity sewers 
dictates the required size and shape of the mains. 
 
Designers must still, however, be cognizant of I/I and ultimate 
growth in sizing these systems. Construction costs are reduced because 
SDGS may be laid to follow the topography more closely than 
conventional sewers and routed around most obstacles within their path 
without installing manholes. The interceptor tanks are an integral part 
of the system. They are typically located on private property, but 
usually owned or maintained by the utility districts so that regular 
pumping to remove the accumulated solids for safe disposal is ensured. 
 
SDGS were first constructed in Australia in the 1960's. They were 
used to provide a more cost effective solution than conventional gravity 
sewers to correct problems with failing septic tank systems in densely 
developed urban fringe areas. The SDGS were designed to collect the 
effluent from existing septic tanks. Since the tanks would remove the 
suspended solids that might settle or otherwise cause obstructions in the 
mains, smaller collector mains 10 cm (4 in) in diameter, laid on a 
uniform gradient sufficient to maintain only a 45 cm/s (1.5 fps) flow 
velocity were permitted. This alternative has been estimated to reduce 
construction costs by 30-65 percent. Routine maintenance also proved to 
be low in cost. As a result, by 1986 over 80 systems had been 
constructed with up to 4,000 connections per system. 
 
As knowledge of the success of these systems spread, SDGS began 
to gain acceptance and by the mid-1980's, over 100 systems had been 
constructed. The designs of most of the systems constructed prior to 
1990 followed the Australian guidelines, but as experience has been 
gained, engineers are finding that the guidelines can be relaxed without 
sacrificing performance or increasing maintenance costs. Variable 
grade systems in which the sewers are allowed to operate in a 
surcharged condition are becoming more common. Minimum flow 
velocities are no longer considered as a design criterion. Instead, the 
design is based on the system's capacity to carry the expected peak flows 
without raising the hydraulic grade line above the interceptor tank 
outlet inverts for extended periods of time. Inflective gradients are 
allowed such that sections of the mains are depressed below the static 
hydraulic grade line. Despite these significant changes from the 
Australian guidelines, operation and maintenance costs have not 
increased. 
 
Small diameter gravity sewer systems consist of: 
 
• House Connections are made at the inlet to the interceptor tank. All 
household wastewaters enter the system at this point. 
 
• Interceptor Tanks are buried, watertight tanks with baffled inlets and 
outlets. They are designed to remove both floating and settleable solids 
from the waste stream through quiescent settling over a period of 12-
24 hr. Ample volume is also provided for storage of the solids which 
must be periodically removed through an access port. Typically, a 
single-chamber septic tank, vented through the house plumbing stack 
vent, is used as an interceptor tank. 
 
• Service Laterals connect the interceptor tank with the collector main. 
Typically, they are 7.5-10 cm (3-4 in) in diameter, but should be no 
larger than the collector main to which they are connected, They may 
include a check valve or other backflow prevention device near the 
connection to the main. 
 
Collector Mains are small diameter plastic pipes with typical 
minimum diameters of 7.5-10 cm (3-4 in), although 3-cm (1.25-in) pipe 
has been used successfully. The mains are trenched into the ground at a 
depth sufficient to collect the settled wastewater from most connections 
by gravity. Unlike conventional gravity sewers, small diameter gravity 
sewers are not necessarily laid on a uniform gradient with straight 
alignment between cleanouts or manholes. In places, the mains may be 
depressed below the hydraulic grade line. Also, the alignment may be 
curvilinear between manholes and cleanouts to avoid obstacles in the 
path of the sewers. 
Cleanouts, Manholes and Vents provide access to the collector mains for 
inspection and maintenance. In most circumstances, cleanouts are 
preferable to manholes because they are less costly and can be more 
tightly sealed to eliminate most infiltration and grit which commonly 
enter through manholes. Vents are necessary to maintain free-flowing 
conditions in the mains. Vents in the household plumbing are sufficient 
except where depressed sewer sections exist. In such cases, air release 
valves or ventilated cleanouts may be necessary at the high points of the 
main. 
 
• Lift Stations are necessary where elevation differences do not permit 
gravity flow. Either STEP units or mainline lift stations may be used. 
STEP units are small lift stations installed to pump wastewater from 
one or a small cluster of connections to the collector main, while a 
mainline lift station is used to service all connections in a larger 
drainage basin. 
 
Although the term "small diameter gravity sewers" has become 
commonly accepted, it is not an accurate description of the system, since 
the mains need not be small in diameter (the size is determined by 
hydraulic considerations) nor are they "sewers" in the sense that they 
carry wastewater solids. The most significant feature of small diameter 
sewers is that primary pre-treatment is provided in interceptor tanks 
upstream of each connection. With the settleable solids removed, it is 
not necessary to design the collector mains to maintain minimum self-
cleansing velocities. Without the requirement for minimum velocities, 
the pipe gradients may be reduced and, as a result, the depths of 
excavation. The need for manholes at all junctions, changes in grade 
and alignment, and at regular intervals is eliminated. The interceptor 
tank also attenuates the wastewater flow rate from each connection, 
which reduces the peak to average flow ratio, below what is typically 
used for establishing design flows for conventional gravity sewers. Yet, 
except for the need to evacuate the accumulated solids in the interceptor 
tanks periodically, SDGS operate similarly to conventional sewers. 
 
2.3.3.2 Application 
 
Small diameter gravity sewers have potential for wide application. 
They are a viable alternative to conventional sewers in many situations, 
but are particularly well suited for low-density residential and 
commercial developments such as small communities and residential 
fringe developments of larger urban areas. Because of their smaller size, 
reduced gradients and fewer manholes, they can have a distinct cost 
advantage over conventional gravity sewers where adverse soil or rock 
conditions create mainline excavation problems or where restoration 
costs in developed areas can be excessive. In new developments, 
construction of the sewers can be deferred until the number of homes 
built warrants their installation. In the interim, septic tank systems or 
holding tanks can be used. When the sewers are constructed, the tanks 
can be converted for use as interceptor tanks. However, SDGS usually 
are not well suited in high-density developments because of the cost of 
installing and maintaining the interceptor tanks. 
In this chapter the first Section presents the theory of sewer system 
design as shown in the Manuel. Firstly, in Section 2.4.1, the peak daily 
wastewater flow in the length of sewer being designed is described. Section 
2.5 presents the trigonometric properties of a circular section, as the sewers 
used in the sewerage are of circular cross-section. 
 The Gauckler-Manning equation for the velocity of flow in a sewer 
and the corresponding flow equation are given in Section 2.6 Tractive 
tension is described in Section 2.7, and the minimum sewer gradient based 
on the design minimum tractive tension is derived in Section 2.8. The 
procedure for calculating the sewer diameter is given in Section 2.9, and that 
for determining the maximum number of houses served by a sewer of given 
diameter in Section 2.10. Finally, the results of a sewer system design for the 
case study are presented in Section 2.11. The overall design procedure 
follows that given in Mara (1996) (see also, Yao, 1974; Machado Neto and 
Tsutiya, 1985; de Melo, 1985 and 1994; Bakalian et al., 1994). (5) 
 
2.4 Wastewater Flow 
 
The value of the wastewater flow used for sewer design is the daily peak flow. This can be estimated as 
follows: 
 
q = k1 k2 Pw / 86 400                                   (2.1) 
Where:      q = daily peak flow, l/s 
                 k1 = peak factor ( = daily peak flow divided by average daily 
flow) 
                 k2 = return factor ( = wastewater f 
low divided by water consumption) 
                P = population served by length of sewer under consideration 
                w = average water consumption, liters per person per day and 
86 400 is the number of seconds in a day. 
 
A suitable design value for k1 for simplified sewerage is 1.8 and k2 
may be taken as 0.85. Thus equation 2.1 3.1becomes: 
 
q = 1.8 × 10 -5 Pw                                                (2.2) 
 
The design values given above for the peak flow factor, k1 and the 
return factor, k2 (1.8 and 0.85 respectively), have been found to be 
suitable in Brazil. 
Variations in the value of k2 have a much lower impact on design, 
except in middle-and high-income areas where a large proportion of 
water consumption is used for lawn-watering and car-washing. In peri-
urban areas in Brazil a k2 value of 0.85 has been used successfully, 
although CAESB now uses a value of 0.65, even in low-income areas and 
without any reported operational problems (Luduvice, 2000). However 
higher values may be more appropriate elsewhere – for example, in 
areas where the water supply is based on a system of public standpipes, 
values up to 0.95 may be used. 
2.4.1 Minimum daily peak flow 
In sewer design equation 2.1 or 2.2 is used to calculate the daily peak flow in the length of sewer under 
consideration, but subject to a minimum value of 1.5 l/s (see Section 2.8). This minimum flow is not 
justifiable in theory but, as it is approximately equal to the peak flow resulting from flushing a WC, it 
gives sensible results in practice, and it is the value recommended in the current Brazilian sewer design 
code (see ABNT, 1986; also Sinnatamby, 1986, although he used a minimum flow of 2.2 l/s). 
With the use of this minimum value for the peak daily flow, the 
values used for k1 and k2 in equation 2.1 become less important, 
especially for short lengths of sewer. For example, for a length of sewer 
serving 500 people with a water consumption of 80 litres per person per 
day and using a return factor of 0.85, the average daily wastewater flow 
is given by equation 2.3 as: 
 
                        q = k2 Pw / 86 400                        (2.3) 
                                         = 0.85 x 500 x 80 / 86 400 
                                         = 0.4 l/s 
For the minimum peak daily flow of 1.5 l/s, this is equivalent to a k1 
value of (1.5/0.4) = 3.75.  
 
2.5 Properties of a Circular Section 
 
The flow in sewers is always open channel flow – that is to say, there is always some free space above 
the flow of wastewater in the sewer. The hydraulic design of sewers requires knowledge of the area of 
flow and the hydraulic radius. Both these parameters vary with the depth of flow, as shown in Figure 
2.1 from this figure, trigonometric relationships can be derived for the following parameters: 
                                      (1) The hydraulic radius (r), m. 
                                     (2) The area of flow (a), expressed in m 2; 
                                     (3) The breadth of flow (b), m; and 
                                     (4) The wetted perimeter (p), m. 
The hydraulic radius (sometimes called the hydraulic mean 
depth) is the area of flow divided by the wetted perimeter. 
Parameters 1 – 4 above depend on the following three parameters: 
    
                                         (5) The angle of flow (θ), expressed in radians; 
                                     (6) The sewer diameter (D), m; and 
                                     (7) The depth of flow (d), m. 
If the angle of flow is measured in degrees, then it must be 
converted to radians by multiplying by (2π/360), since 360 o equals 2 π 
radians. 
 
  
Figure 2.1 Definition of parameters for open channel flow in a circular 
sewer. 
Source: Mara (1996) 
 
The ratio d/D is termed the proportional depth of flow (which is 
dimensionless). In sewerage the usual limits for d/D are as follows: 
0.2 < d/D < 0.8 
The lower limit ensures that there is sufficient velocity of flow to 
prevent solids deposition in the initial part of the design period, and the 
upper limit provides for sufficient ventilation at the end of the design 
period. 
The equations are as follows: 
 (a) Angle of flow: 
                           θ = 2 cos -1 [1 – 2 (d/D)]                (2.4) 
 (a) Area of flow: 
                            a = D 2 [(θ – sin θ) / 8]                    (2.5) 
            (a) Wetted perimeter: 
                             p = θ D/2                                         (2.6) 
 (a) Hydraulic radius (= a/p): 
                              r = (D/4) [1 – ((sin θ) / θ)]               (2.7) 
            (a) Breadth of flow: 
                                      b=D sin(θ/2)                                      (2.8) 
When d = D (that is, when the sewer is flowing just flow), then a = A = π 
D2/4; p = P = π D and r = R = D/4. 
The following equations for a and r are used in designing sewers: 
                                     a=kaD2                                                (2.9) 
                                    r=krD                                                   (2.10) 
 
The coefficients ka and kr are given from equations 2.5 and 2.7 as: 
                                   ka=1/8(θ-sinθ)                                       (2.11) 
                                   kr=1/4[1-((sinθ)/θ]                                (2.12) 
 
When a = A and r = R, then ka = π /4 and kr = 0.25 
2.6 Gauckler-Manning Equation 
In 1889 Robert Manning (an Irish civil engineer, 1816-1897) presented his formula relating the velocity 
of flow in a sewer to the sewer gradient and the hydraulic radius (Manning, 1890). The formula is 
commonly, but improperly, known as the Manning equation; as pointed out by Williams (1970) and 
Chanson (1999), it should be known as the Gauckler-Manning equation since Philippe Gauckler (a 
French civil engineer, 1826-1905) published the same equation 22 years earlier (Gauckler, 1867 and 
1868). The Gauckler-Manning equation is: 
 
                             v = (1/n) r 2/3 i ½                                    (2.13) 
Where v = velocity of flow at d/D, m/s 
                                  n = Ganguillet-Kutter roughness coefficient, 
dimensionless  
                                    r = hydraulic radius at d/D, m 
                                   i = sewer gradient, m/m (i.e. dimensionless) 
Since flow = area x velocity, 
                                  q=(1/n)ar2/3i½                                        (2.14) 
Where q = flow in sewer at d/D, m 3 /s 
Using equations 2.9 and 2.10, equation 2.14 becomes: 
                                 q=(1/n)kaD2(krD)2/3i½                              (2.15) 
The usual design value of the Ganguillet-Kutter roughness 
coefficient, n is 0.013. This value is used for any relatively smooth sewer 
pipe material (concrete, PVC or vitrified clay) as it depends not so much 
on the roughness of the material itself, but on the roughness of the 
bacterial slime layer which grows on the sewer wall.  
2.7 Tractive Tension 
Tractive tension (or boundary shear stress) is the tangential force 
exerted by the flow of wastewater per unit wetted boundary area. It is 
denoted by the symbol τ (the Greek letter tau) and has units of N/m 2 
(i.e. Pascals, Pa). As shown in Figure 2.2, and considering a mass of 
wastewater of length l m and cross-sectional area a m2, which has a 
wetted perimeter of p m, the tractive tension is given by the component 
of the weight (W, Newtons) of this mass of wastewater in the direction of 
flow divided by its corresponding wetted boundary area (i.e. the area in 
which it is in contact with the sewer = pl):   
 
                                  τ=Wsinf/pl                                                (2.16) 
The weight W is given by 
                                 W=ρgal                                                     (2.17) 
where ρ = density of wastewater, kg/m 3 
           g = acceleration due to gravity, m/s2 
So that, since a/p is the hydraulic radius, r: 
 
                                τ=ρgrsinΦ                                                  (2.18) 
  
Figure 2.2 Definition of parameters for tractive tension in a circular 
sewer. 
 Source: Barnes et al. (1981). 
When Φ is small, sin Φ = tan Φ, and tan f is the sewer gradient, i m/m). 
Thus, equation 2.18 can be rewritten as: 
 
                             τ = ρ gri                                               (2.19) 
Using equation 2.10 and rearranging: 
 
                                   D = (τ / ρ g) / kr i                                  (2.20) 
Substituting this expression for D in equation 2.15 and simplifying: 
 
                     q = (1/n) ka kr -2 (τ / ρ g) 8/3 i -13/6                   (2.21) 
2.8 Minimum Sewer Gradient 
The minimum sewer gradient, imin is given by rearranging 
equation 2.12 and substituting imin for i and τ min for τ, as follows: 
 
                imin = [(1/n) ka kr -2 ] 6/13 [τ min / ρ g]16/13 q -6/13          (2.22) 
For d/D = 0.2, the minimum value used in simplified sewerage – that is, 
from equations 2.4, 2.11 and 2.12 , for ka = 0.1118 and kr = 0.1206; and 
with n = 0.013, ρ = 1000 kg/m3 and g = 9.81 m/s 2, equation 2.22 
becomes: 
 
                imin = 2.33 x 10 -4 (τ min)16/13 q -6/13                     (2.23) 
A good design value for τ min in simplified sewerage is 1 Pa; thus: 
 
                     imin = 2.33 x 10 -4 q -6/13                                    (2.24) 
In this equation the units of q are m3/s. changing them to litres/second 
gives:   
  
                          imin = 5.64 x 10 -3 q -6/13                                   (2.25) 
 
Equations 2.24 and 2.25 are for a value of τ min of 1 Pa. This value has 
been successfully used in simplified sewerage systems in southern Brazil 
where the systems are wholly separate – PVC pipes are used and 
junction boxes are either plastic or, if in brick, have their cover slab well 
mortared on; thus the ingress of storm water, soil, grit etc. into the 
sewer is minimal; moreover used toilet paper is commonly not disposed 
of in the toilet bowl, but into an adjacent bucket for disposal with 
household garbage.  Yao (1974) recommends values of τ min for sanitary 
sewers of 1-2 Pa, and 3-4 Pa for stormwater or combined sewers. 
 
Designers must make an appropriate choice for τ min, and use 
equation 2.23 for values > 1 Pa. Values of τ min > 1 Pa have a large 
influence on the value of imin. For example, for a flow of 1.5 l/s, equation 
2.23 gives: 
 
                                               τ min(Pa)             imin 
                                              1                  1 in 213 
                                              1.5               1 in 130 
                                              2                  1 in 91 
 
CAESB, the water and sewerage company of Brasília and the Federal 
District, uses a τ min of 1 Pa and a minimum value of imin of 0.5% (1 in 
200). In low-income areas this has not resulted in any significant 
operational problems (Luduvice, 2000). 
 
2.9 Sewer Diameter 
Equation 2.15 can be rearranged, as follows, writing i = imin: 
 
                  D = n 3/8 ka -3/8 kr -1/4 (q/ imin 1/2 ) 3/8                         (2.26) 
In this equation the units of D are m, and the units of q are m3/s. 
The sewer diameter is determined by the following sequence of 
calculations: 
Calculate using equation 2.2, the initial and final wastewater flows (qi 
and qf, respectively, in l/s), which are the flows occurring at the start 
and end of the design period. (The increase in flow is due either to an 
increase in population or an increase in water consumption, or both.) 
 
If the flow so calculated is less than the minimum peak daily flow of 
1.5 l/s (see Section 2.4.1 2.7.1), then use in (2) below a value of 1.5 l/s for 
qi. 
 
(1) Calculate imin from equation 2.25 with q = qi. 
(2) Calculate D from equation 2.26 using q = qf (in m3/s), again 
subject to a minimum value of 0.0015 m3/s, for d/D = 0.8 (i.e. for 
ka = 0.6736 and kr =0.3042 from equations 2.4, 2.11 and 2.12). 
 
In this design procedure, the value of qi is used to determine imin and 
the value of qf is used to determine D. 
The diameter so calculated is unlikely to be a commercially available 
size, and therefore the next larger diameter that is available is chosen 
(i.e. if D = 86 mm, say, then choose 100 mm). 
The minimum diameter used in sewerage system is 100 mm. 
2.10 Number of Houses Served 
In the detailed design of on-site sewers it is useful to know the 
maximum number of houses that can be served by a sewer of given 
diameter. The procedure for calculating this is shown here – as an 
example only – for a household size of 5, a per capita water consumption 
of 100 l/d, a peak factor of 1.8 and a return factor of 0.85. The peak flow 
per household (qh, l/s) is given by equation 2.2 as: 
     
                                     qh = 1.8 x 10 -5 P w 
                                          = 1.8 x 10 –5 x 5x 100 
                                          = 0.009 l/s per household. 
 
If it is assumed that the housing area is fully developed (i.e. that there is 
no space for further houses), then any increase in wastewater flow will 
be due to an increase in water consumption.  
 
Designing the sewer for an initial d/D of 0.6, allows for an increase 
in water consumption to just under 150 litres per capita per day when 
d/D will be the maximum value of 0.8 (see Mara, 1996) – such an 
increase is more than adequate. 
Equations 2.15 (with i = imin) and 2.22 are now solved for d/D = 0.6 (i.e. 
for ka =0.4920 and kr = 0.2776), with τ min = 1 Pa and with q in l/s, as 
follows: 
  
                           imin = 0.00518 q -6/13                                      (2.27) 
                             D = 0.0264 (q/ imin 1/2) 3/8                             (2.28) 
Thus, with D in mm: 
 
                              q = 9.8 x 10 -5 D 13/6                                    (2.29) 
 
The peak flow per household is 0.009 l/s, so that q is given by:    
   
                               q = 0.009 N                                                (2.30) 
 
Where N = number of houses served. Thus:   
     
                                N = 10.89 x 10 -3 D 13/6                              (2.31) 
 
2.11 Design Details  
The design details of the case study are described in the tables obtained by using tables of sewer system 
design (Cole Brook-white equation), and figures. 
 
2.12 Design Comparisons 
 
In Sections 2.6 – 2.9 the Gauckler-Manning equation was used to 
exemplify the basis of the hydraulic design of sewers. Although it is the 
only equation to have been used to date for sewers design in practice, 
there are two other principal equations which are currently used for the 
hydraulic design of conventional sewers, and which could in principle 
therefore be used for sewers design. They are: 
 
                  (1) the Colebrook-White equation (Colebrook, 
1938; see also Butler and Pinkerton, 1987 and HR Wallingford 
and Barr, 1994), and 
                 
                   (2) the Escritt equation (Escritt, 1984). 
 
In the appendix 1 there is a presentation of an overview of the 
development of the Gauckler-Manning, Colebrook-White and Escritt 
equations, and also contains the results of comparative trials using these 
three equations to identify which one is the most suitable overall. 
  
These trials comprised comparisons based on the simplified sewer 
design examples given in Sinnatamby (1986) and Bakalian et al. (1994). 
The results of these trials show that there is no advantage in using either 
the Colebrook-White equation or the Escritt equation over the 
Gauckler-Manning equation.  
        
2.13 Materials  
 
Materials for gravity drains and rising/pumping mains shall 
comply with all the relevant. Australian Standards and shall be, 
 
2.13.1 Gravity Drains 
 
a. Ridgid Unplasticized Polyvinal Chloride (uPVC) 
or 
b. Other materials approved for use in a high Sulphide environment. 
 
2.13.2 Rising/Pumping Mains 
 
a. Ridgid Unplasticized polyvinal Chloride (uPVC), minimum 
Class 9 
or 
b. Other material approved for use in a high Sulphide 
environment. 
 
Pipes up to 40 mm internal diameter shall have ends formed for 
solvent welded joints. 
 
Pipes and fittings larger than 40 mm internal diameter shall have ends 
formed for rubber ring joints. 
 
2.13.3 Concrete 
 
All concrete and mortar used in the construction of any structure 
coming into contact with the septic tank effluent, shall be suitable for 
use in a high Sulphide environment and shall be made using Sulphide 
Resistant cement and Calcareous Aggregate. 
 2.14 Excavations, Bedding and Cover 
 
The excavation for the installation of gravity drains, rising/pumping 
mains and associated structures shall be excavated to the depths required 
to allow construction of the drains, rising mains and structure at the 
specified depth and/or gradient. 
 
The floor of the trench/excavation shall be trimmed to remove all 
intrusions and loose material to produce a firm subgrade of a depth 
which will provide for a uniform sand or aggregate bedding beneath the 
drain, rising main or structure. 
 
Where the trench subgrade is not firm specialist geotechnical 
advice should be sought. 
2.14.1 Bedding 
 
Gravity drains and rising/pumping mains shall be bedded on 
sharp, non-plastic sand suitable to provide a sound, compact and 
continuous base to support the pipe at the required grade. 
 
The sand shall be free from clay lumps, organic matter, including 
noxious weeds, and other foreign material and be obtained from 
naturally occurring deposits or from the crushing of rock. Where water 
is encountered in trenches, pipes shall be bedded on 10 mm course 
aggregate. 
 
The bedding material shall spread and compacted over the full 
width of the trench. The bedding material shall not exceed 75 mm in 
thickness unless aggregate is used or specific arrangements are made to 
ensure adequate compaction of the bedding material (see fig.2-3, (a)). (6) 
 
2.14.2 Cover over Drains 
 
Where sand is used as the bedding material for gravity drains and 
rising/pumping mains the initial cover over the pipe shall be sand. 
 
The Initial covering over the pipes shall be at least 150 mm above 
the top of the pipe before final backfill with excavated material having a 
maximum aggregate size of 75 mm. Where the excavated backfill 
material includes rock exceeding 75 mm, the initial sand cover should 
be increased to 300 mm. (6) 
 
Where ground water is encountered above the base of the trench 
and 10 mm course aggregate is used as the bedding material the drain 
and rising main shall be covered with 150 mm of 10 mm aggregate. 
 
Where aggregate is used as a bedding and cover material a layer 
of geotextile fabric (weight not less than 180g/m2) shall be placed over 
the aggregate cover prior to back fill with the excavated material (see 
fig. 2-3, (b). (6) 
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Figure 2-3 (a) Vertical trench walls in stiff clayey soil. 
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Figure 2-3 (b) Trench with sloping sides in cohesionless soil. 
 
Figure 2-3 Common trench cuts used for sewer installations that define 
the dimensions Bd and H. The minimum trench width for working space 
to install pipe is commonly taken as 4/3 the pipe diameter plus 200 mm. 
(6) 
 
2.15 Hydraulic Coefficients (Gravity Drains) 
 
Backfill 
Bd 
H 
For calculating flow velocities and drain pipe capacities the 
following roughness coefficients shall be used in Manning’s formula. 
a. uPVC Pipe 0.011  
b. Vitrified Clay Pipe 0.013 
 
These coefficients allow for biological growth, slime deposits, 
encrustation and disturbances by flow from branches. 
 
2.16 Manholes 
 
It is desirable that manholes be installed as follows: 
 
a. At the intersections of two or more major drains. (i.e. drains 
that serve more than 40 allotments and where drain depth exceeds 2.0 
metres ) 
 
b. adjacent to pumping stations. 
 
There shall be a minimum of 35mm fall through a manhole. (That 
is min 3% gradient) The minimum diameter of manholes for effluent 
schemes shall be 1200 mm. 
 
2.17 Inspection Openings and Flushing Points 
 
Combined inspection/flushing point openings shall be used to 
facilitate location, inspection and regular flushing of the drains and be 
located as follows. 
 
a. At the terminal end of gravitational drains; 
b. At all changes of direction, 15 o or greater; 
c. At the junction of two or more drains where a manhole is not 
required; 
d. At any change in pipe diameter on a through drain. 
e. Every 120 metres along the line of drain. 
 
The combined inspection/flushing point riser shall, 
 
i. be of the same diameter of the gravity drain, 
ii. enter the drain using a standard inspection opening and 
iii. be installed immediately downstream of changes in direction, 
drain junctions and pipe size changes. 
 
Intermediate inspection/flushing points shall be positioned equal 
distance between those at drain junctions and/or changes in direction. 
 
2.18 Gradient Through Changes In Direction 
 
Where a drain is at minimum grade and changes direction 45 
degrees or greater, a step-up must be provided to compensate for the 
frictional head loss through the bend. For a change of direction between 
45 degrees and 135 degrees a step up of 0.015m is required, and if the 
change of direction is greater than 135 degrees a step-up of 0.030 is 
required. 
 
Where the gradient exceeds 2% a step-up is not required. Where 
a change of direction exceeds 90 degrees the change shall be made with 
two or more bends. 
 
2.19 Expansion Joints 
 Where uPVC pipe is used, expansion joints shall be fitted at the 
ingress side of each pumping sump and each side of a manhole. 
The expansion joint shall be wrapped in "Denso" tape to seal against 
entry of dirt and tree roots. Each turn of Denso tape shall overlap by 
half the width of the tape and shall extend 100mm beyond each side of 
the expansion joint. 
 
2.20 Pipe Junctions and Size Changes 
 
2.20.1 Pipe Junctions 
 
The junction of branch and connection drains into a main or 
through drain shall be made so that the branch drain invert at point of 
entry to the main drain is at, or above the centre line of the main or 
through drain. 
 
Where drains junctions occur at invert levels sufficient to allow a 
vertical jump-up, such jump-ups shall be incorporated in a standard 
combined inspection/flushing point. The higher drain shall enter the 
combined inspection/flushing point riser using an 87 o junction. The 
combined inspection/flushing point riser shall enter the main or lower 
drain using an 87 o bend or a standard inspection opening. 
 
Where a jump-up occurs at a manhole it shall be made external to 
the manhole. The junction between the graded drain and the vertical 
riser shall be made using an inverted 45 o junction and bend, with the 
graded drain extended through the manhole wall and sealed with a 
screwed cap. 
Where invert level differences at pipe junctions are less than 
required to construct a jump-up as above the drains shall be graded to 
match inverts as per the first paragraph of this Clause. 
 
2.20.2 Pipe Size Changes 
 
Pipes of different sizes will meet soffit to soffit to allow 
uninterrupted air passage. 
 
Where pipe size changes occur at a manhole the reduction in pipe size 
shall be made external to the manhole. 
 
2.21 Minimum Cover on Gravitational Pipes and Rising Main 
 
The minimum cover on all pipes shall be as specified in the 
relevant code for the type of pipe being used. For uPVC the minimum 
cover is as follows: 
 
(a) Not Subject to Vehicular Loading 500mm. 
(b) Subject to Vehicular Loading Not in Roadways 600mm. 
 
In Sealed Roadways 750mm. 
In Unsealed Roadways 750mm. 
 
Pipes Subject to Construction Equipment Loading 750mm. The 
location of cross services or obstructions should be taken into account 
when determining the depths of drain lines and/or connections thereto. 
 
2.22 Connections 
 
Property connections shall be laid at a minimum grade of 1% and 
have sufficient depth to allow connection of any septic tank or sullage 
water system (or in the case of vacant land, any future system) on the 
property to the STED scheme connection point by gravity flow. 
 
The maximum gradient at the terminal end of a connection drain 
shall be 2%. The minimum depth of all connections shall be 1 metre. 
Lesser connection depth may be acceptable where site waste system 
depths are known or where site ground falls are towards the connection 
point. Minimum covers requirements and cross service depths should be 
considered. The connection drain shall enter the main drain. 
 
2.23 System Venting 
 
Generally venting of the scheme will be through the headvents on 
buildings served by the scheme. The induct vent provided initially to 
vent the septic tank is to be removed when the connection of the septic 
tank is made to STED scheme. 
 
Pumping sumps shall be vented with an educt vent. The vertical 
section of the educt vent shall be at least 150mm internal diameter 
prefabricated from heavy gauge steel pipe (5.4mm wall thickness) and 
hot dipped galvanised after manufacture. The vent shall extend at least 
9 metres in height above the top surface of the pump sump cover slab. 
 
Consideration may need to be given to increasing the vent height 
to 12 metres where adjacent buildings or atmospheric conditions may 
limit dispersal of gases. In such case the vent diameter may need to be 
increased to 200mm to ensure stability. 
  
2.24 Pumping Stations 
 
All pumping stations shall be equipped with two pumps each 
capable of full independent duty at peak design flow for the area under 
consideration. 
 
The pumps shall operate by automatic control so that one pump 
acts as a duty pump and the second pump as a standby pump. 
  
The pump is defined by three main categories: the (Discharge, 
Capacity), the Head and the (Efficiency and Power Input). (7)    
The Head: A knowledge of the static head available to a turbine or 
against which a pump must deliver is insufficient information for the 
machine designer, since there may be appreciable pipeline losses, 
especially in a high head scheme. The generally accepted definitions of 
head are as follows: The total head on a pump is the excess of the outlet 
head over the inlet head. Each of these heads may be regarded as being 
composed of positional head (The positional datum is taken as the 
elevation of the highest point of the entrance edges of the first stage 
impeller blades, whatever the disposition of the shaft), pressure head 
and velocity head (Fig.2-4).(8)      
 
At no time shall both pumps operate together. 
 
In general both positive displacement and centrifugal 
(submersible) pumps have been found suitable for use on effluent 
drainage schemes. Impeller clearances are not critical provided the 
installation is protected both electronically and mechanically. The 
hydraulic design will determine the type of installation. 
In dry pit pumping stations the pumps may be either vertical or 
horizontal. The pumps takes suction through a well pipe to an adjoining 
wet well, is accessible for maintenance and service at all times, and is 
less subject to corrosion than if it were submerged.  
 
The pumps and the wet well must be sized together in order to 
achieve a satisfactory design. The smallest capacity pump, which can be 
used, depends upon the size of the line to which it discharges since self-
cleansing velocities (about 0.6 m/s) must be maintained. The smallest 
pump, which should be connected to a 100-mm (4-in) force main, for 
example, would have a capacity of about 280 l/min (75 gpm). (9)  
 
The final selection of the pumps shall be made in consultation 
with the Council or owner of the scheme. The pumps shall be capable of 
delivering the peak design flows from the areas served. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure: 2-4   Head on a pump (8) 
2.24.1 Connecting pipe work 
Pipe work connecting the pumps with the rising/pumping main shall 
be Stainless Steel or Medium Density Polyethylene, or combination of 
these materials to the standard expressed in this document. Strainers shall 
not be fitted on any suction pipes. 
 
2.24.2 Pump Operation 
 
(a) Each pump shall be called to duty by an automatic start 
regulator. Wiring should be arranged so that the pumps; 
 
                       i. will operate automatically between the start and 
stop regulators, 
                       ii. will alternate duty automatically on each 
consecutive start, 
                       iii. be capable of individual automatic operation, 
                       iv. and be capable of individual manual selection 
and operation. 
 
(b)The pumps shall be shut off by an automatic stop regulator at a 
level above the suction inlet to the pumps. 
The manual operation of the pumps shall not override the Stop 
Float Control nor any of the other pump control systems. 
 
2.24.3 Pump Control Systems 
a) High Level Control 
 
Each pump station shall include a high-level float switch to 
activate the alarm when the liquid level is 200mm above the limit pump 
start regulator. The high level switch shall not shut down the pumps. 
b) Over Current 
Each pump shall be fitted with a thermal overload relay having 
positive single phasing protection characteristics, set to suit the running 
current of the motor. 
c) No Flow Control 
Positive displacement pumps having an outlet size of 80mm or 
greater should be protected by a no flow switch activated by the non-
return valve to ensure that the operating pump does not operate for a 
duration greater than that recommended by the pump manufacturer 
when there is no flow. 
Alternatively, where recommended by the Manufacturer, 
consideration may be given to the installation of a low level stop 
regulator or other safeguard to ensure the pumps do not operate when 
the liquid level in the sump falls below the pump suction inlet. 
d) Moisture Probes 
All submersible pumps shall be fitted with seal check probes and 
relay to detect the ingress of water within the lower motor casing and 
ensure that the pump does not operate when moisture is present at a level 
exceeding that recommended by the pump manufacturer. 
 
e) High Pressure limiting Switch 
Where positive displacement pumps are used a pressure limiting 
switch shall be provided in the pump discharge main to ensure that the 
pumps do not operate above a pressure recommended by the 
manufacturer and set by the Designer. 
 
f) Thermistors 
Where the power rating of the pump motor is 4.0 kilowatt or 
greater, the motor should be fitted with a 1000ohm thermistor in 
addition to any thermal overload (over current) protection. 
 
2.24.4 Pump Alarm System 
 
Each pump station shall be provided with an alarm system. 
The alarm system shall be activated when any of the above pump 
control system relays are energised. 
 
The Alarm system shall automatically shut down the operating 
pump and activate the alarm. (With the exception of the High Level 
Control Float). 
The alarm shall remain active until canceled manually by an alarm 
cancel function. 
System reset shall be required. 
The standby pump shall assume normal duty. 
The alarm system shall activate, 
 
a. an amber coloured pilot light on the front of the control panel, 
and 
 
b. a red alarm warning light on the top of the control cabinet or 
pump shed, until the reason for the alarm is ascertained and reset 
occurs. 
 
Each fault indicator on the control panel shall be appropriately 
labeled. 
In addition to the alarm system operating a warning light consideration 
should be given to the provision of a system for the remote monitoring 
of alarm conditions. 
 
2.24.4.1 General 
 
A time delay relay shall ensure that the on/off operation of either 
pump cannot be more frequent than 15 starts per hour. 
The following shall be mounted on the front cover of the control 
cabinet: 
 
a. Duty selector switch (Auto-1-2) 
b. Stop/Reset push button 
c. Control switch (Man-off-Auto) for each pump 
d. Alarm cancel button 
e. Labeled pilot lights for each alarm condition 
f. hour run indicators for each pump, reading 10,000 hours 
with 1/10th hour increments 
g. lamp test switch for external alarm warning light and all 
pilot lights 
h. Provision shall be made for access to power and light at 
each pump station. All power outlets to be RDC protected. 
 
2.25 Pumping Sump 
 
The materials used for the construction of the pumping sump 
shall be suitable for use in a high risk Sulphide environment and if 
concrete, shall incorporate sulphide resistant cement and calcareous 
aggregate as indicated under "Materials" in this document. 
 
The high water level (pump start level) in the sump shall not rise 
above the invert level of the lowest incoming drain. 
 
The sump must provide adequate storage capacity in the pumping 
range (between start and stop regulator) to ensure that the number of 
pump operations does not exceed the rating of the switchgear, usually 
15 starts per hours, maximum. 
 
Furthermore the sump and drainage system should provide 
adequate capacity for emergency storage of the incoming flows in the 
event of a power or major equipment failure. (50% of the daily flow is 
desirable in remote locations). In areas of high flow (e.g. main pumping 
stations) emergency storage capacity may be reduced to the average 
duration of power failure for the area based upon information obtained 
from the power authority. In any event storage should not be less than 
20% of the average daily flow. 
 
The volume of the storage shall be calculated using the pump start 
level, as the lower level, and the invert of the lowest connection point on 
the drainage system, as the higher level. 
 
2.25.1 Emergency Storage volumes less than 20% may be considered where, 
 
a. remote alarm monitoring is incorporated into the pump 
control system, 
          b. in addition to reacting to all alarm conditions, the remote 
alarm monitoring system includes a Critical pathway that identifies total 
equipment or power failure or activation of the High Level alarm 
regulator, and  
         c. the owner operator establishes a contingency plan to deal 
with flows during emergency situations. 
 
The contingency plan should include provision of equipment such 
as a tanker or trailer mounted standby pumping facilities. 
Pump sumps shall be vented as required by this document. (Refer 
"System Venting")  
 
2.26 Hydraulic Coefficients (Pumping Mains) 
 
For calculating head losses in pumping mains a hydraulic 
coefficient equivalent to C=125 in Hazen and Williams formulae should 
be used for uPVC pipes, or alternatively the head losses obtained from 
the manufacturers charts should be increased by 20% to allow for 
biological growth, slime deposits and encrustation of the pipe. 
 
2.27 Rising/Pumping Mains 
 
All pipes and fittings shall be unplasticized Polyvinyl Chloride 
(uPVC) as previously stated in this document. 
 
The class of the rising main pipe shall be selected to withstand 
dynamic stress adequate for a 50-year life. 
The minimum Class uPVC piping for use in rising/pumping 
mains shall be Class 9 unless a higher class is required to withstand 
hydraulic pressure and avoid failure due to fatigue as above. 
 
2.27.1 Calculations for Pump Duty 
 
The calculation of pump duty shall be based on the number of 
units discharging to the pump station using the following peak flow 
rates:- 
For each allotment (house, flat, separate dwelling, caravan site or 
vacant allotment) allow; 
3.5 persons per allotment x 17.5 litres/ person/ hour. 
. For Commercial premises allow; 
Number of employees x 10 = Litres/hour. 
. For Hospitals allow; 
3.4 x number of beds x 17.5 = Litres/hour. 
. For Schools allow; 
Total students and staff x 4.5 = Litres/hour. 
. For Hotels allow; 
(staff + number beds+ 10 ) x 60 = Litres/hour. 
(3.5) A minimum pump duty of 1.5 litres per second should be 
considered where duties calculated as above are lower. 
 
 
 
 
 
Chapter Three 
Materials and Methods 
 
This chapter provides a background on the sanitation situation in 
ELSAFIA community. It discusses the community', the predominant 
livelihood of the community members, the size of the community and the 
general interventions done by the local government to upgrade living 
conditions. This discussion is followed by a definition of the methodology 
used for the case study, specifically the tasks involved in the field survey 
conducted. 
Also it describes the theory of sanitary sewer system and the 
application of the design by using tables for the hydraulic design of Pipes, 
Sewers & Channels. These tables were to provide tabulated solutions to the 
Colebrook-White equation, and this remains the primary function of the 6th 
edition. There are five groupings, each of 13 diameters, ranging from 20 – 
125 mm to 2400 – 4000 mm. For these groupings in turn, each Table A 
relates to a particular roughness value. Within each table, solutions are given 
for a range of diameters and gradients. For each of the combinations of 
roughness size, diameter and gradient, the mean velocity and the discharge 
for water at 15oC may be obtained. (10)   
This design was done according to the Ks (mm) 0.6 (normal) using 
uPVC for sewers slimed to about half depth, velocity, when flowing half 
full, approximately 0.75 m/s. (10) 
3.1 The Case Study  
The case study focuses on EL SAFIA community in Khartoum 
Province, Khartoum state Sudan. This selection is based on the following 
parameters: high urbanization intensity leads to large effects from on-site 
system dispose into ground water creating pollution problems for ground 
water, the provision of communal toilets such as in (hospital, Cinema, 
schools, mosques, and so on). Despite the availability of these services, 
sanitation is not adequate. So system is no longer to be used, instead, the off-
site system which is designed in the following chapter.   
3.2 Community Background 
3.2.1 The City  
ELSAFIA lies at the about seven kilometers located at the north of the 
center of Khartoum. Its land area is about 1040 square kilometers. 
The city, being relatively the most urbanized area in the whole 
province, has attracted migrants working in the Gulf and other places also 
for other well off from other municipalities, as well as from nearby 
provinces. Studies on population show that the population of the city 
increases to about 55382 persons as of Nov. 2002.  
3.2.1.1 Growth of the City  
A survey conducted by the city government of Bahry (Shambat Unit) 
in Nov. 2002 showed that approximately the rapid growth of the community 
occurred only in the last thirty years. 
The occupation of the community can be attributed to economic 
reasons as well as to the physical properties of the site. The growth of the 
community was encouraged by the natural properties of the site. 
The residents of the community seek access to the center of the capital 
Khartoum city for employment opportunities, community services and 
utilities. Within the center of the city, the public market and the all-
important institutions and service facilities are available; the town has been 
rapidly populated. 
3.2.1.2 Community Size 
The following general information on the area was collected during 
the survey of local government officials: the total population of the whole 
community as of Nov.2002 about 55382 persons; the number of houses were 
about 7896; the multi storey buildings (varies from one to four) were 2380; 
and the outbuilding houses 780. The total schools were 17; the kinder 
gartens 20; there is only one hospital and one cinema.   
3.3 Planning For Sewerage 
Population Estimate: 
 There are many methods for the design population, the most important one is the uniform 
percentage method.  
Pn = Po (1= ^P)n 
Where : Pn : Design population after n year from the beginning. 
             Po :The actual population at the beginning. 
            ^P : The rate of the population growth (in %age) which varies between (2 & 4)%.   
  
In this section the steps that lead from the decision to adopt sewer system to the development of a sewer 
layout describe can be summarized as follows: Collect existing information, focusing particularly on 
maps and plans of the area to be severed and adjacent areas, Determine the area to be included in the 
sewerage plan, based on topography, the location of existing sewers and the limits of existing and future 
development, Develop a draft sewerage plan, showing the routes of the main collector sewers and the 
approximate areas of the various local systems, Undertake additional surveys as required to allow sewer 
routes and the areas of on-site systems to be confirmed, so that detailed design can be carried out, and 
finalize the overall sewerage plan and plot the sewer routes at an appropriate scale or scales. 
 
3.3.1 Existing Information  
 
The first task in the planning process is to collect all available 
information on the area to be sewered. In particular, existing 
topographical maps and any maps showing the routes of existing drains 
and sewers should be collected, as these are needed to define the area to 
be sewered and determine the overall sewer layout. This information 
may be available on a number of maps and plans; if this is the case, as 
much information as possible should be transferred to one base plan. 
Information on existing management arrangements and 
responsibilities also needs to be collected. This provides a sound basis 
for developing institutional arrangements to manage the proposed 
system. One of the advantages of dividing sewerage schemes into 
condominial and collector systems lies in the possibilities for local 
management of the former.  
 
3.3.2 Area Limitation 
 
The next task is to decide the area to be included in the scheme. 
There are two possible situations. The first is that the design is for an 
exclusively local system, which can be connected to a local treatment 
facility or an existing collector sewer. 
The second is that there is a need to look at the sewerage needs of a wider area, including both local on-
site sewers and public collector sewers. 
In the first case, the decision on the area to be included in the scheme is relatively straightforward. In 
general, its boundaries will coincide with those of the existing or planned housing scheme that is to be 
sewered. The main task will be to determine the routes of the internal on-site sewers and the points at 
which they will discharge to a treatment site or existing sewer. 
The second situation is more complicated in that the boundaries of the area to be drained by the 
collector sewers may not be immediately obvious. The important point is to ensure that the overall 
situation is taken into account, as defined by natural drainage areas, the location of existing sewers and 
possible treatment/disposal locations. The boundaries of natural drainage areas should be fairly obvious 
in hilly or undulating areas. They may be much less obvious where the topography is flat. Where this is 
the case, the routes of existing natural watercourses, drains and sewers will give a good idea of existing 
drainage patterns. 
3.3.3 The Field Survey 
The survey of the field conducted in Nov. 2002, and it included a 
study of all the area of ELSAFIA. The survey involved data collection 
retrieved from the local government as well as non-government 
organizations working in the area. The majority of the data analyzed is based 
on the actual inspection of the area as well as the sort of the buildings (see 
section 3.2.1.2). 
In gathering general information on the El SAFIA area, the following 
tasks were done during the field survey: interviews of local government 
officials and planners regarding the existing conditions of the community 
and plans to improve their sanitation conditions; and collection of data from 
the survey conducted by the city government in Nov. 2002. This preliminary 
survey helped in the selection of the area chosen for detailed analysis. 
3.3.3.1 Physiographical Characteristics of ELSAFIA 
 
EL SAFIA lies along 1.3 km, with a width that varies, approximately, 
between 675 m and 800 m (see fig. 3-1). 
The area has a gentle topography; the soil is black cotton soil, 
clay, and dark gray with little percentage of sand with physical 
characteristics such as Permeability. 
The climate is tropical with an average temperature of 25.2o C. In 
the cool months (Nov. to March); in the hottest period the average 
temperature reaches 42o C. The rains are seasonal, with annual 
precipitation, mostly falling in the period from July to October. The rest 
of the time there is a dry Season. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 3-1 A map of El SAFIA to the scale 1:5 000 
 
3.4 Collection System 
 
A special aspect of the Concept Study (or project) for El Safia’s 
Sewerage System is that it was developed to offer all the essential elements 
for contracting and carrying out the installation of the collection and 
transport sub-systems, dispensing with creation of traditional basic and 
executive projects. 
The fine-tuning of the project, the final adjustments and the details 
of execution were to be done by a technical site-team during each stage of 
the installation, using the usual service agreements. 
Another peculiarity was in relation to the methodology used for 
the development of the project, since it was impossible to rely on 
topographical information of a level and form usually needed for work 
of this nature. 
 
3.4.1 Use of the Available Topography 
A map of the study area to the scale 1:5 000 (see fig 3-1), which shows a portion of the city that it is 
proposed to sewer, was produced from an aerial survey of 1963, could be used. The map of the scale 
1:5000 was used to orient the basic studies and for the general system concept. It also presented the 
general characteristics of the area and was used to study and illustrate the general treatment system.  
The 1:5 000 urban maps, with the reinforcement of the reference 
points, were used on site to check the drainage direction by observation. 
This was done block (condominium) by block, to define a collection 
sector that would link up with the condominial branch, street by street. 
Starting from the site surveys, the 1:5 000 maps were used in the office 
to make draft spreadsheets for dimensioning, budgeting and design of 
the public collection networks (see fig. 3-2).  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 3-2. The design of the public collection networks sewers 
 
3.5 Design Criteria and Standards  
 
3.5.1Gravity Drains 
 
3.5.1.1 Design Flows and Minimum Velocity 
 
Design flows for sewer systems are based on population served, 
using the following per capita quantities: laterals and submains 1500 
l/person .d, main and trunk 950 l/person .d, and interceptors 350 
percent of the estimated average dry – weather flow. These figures 
include normal infiltration and are based on flowing full capacity. 
Sewers slope should be sufficient to maintain self-cleansing velocities; 
this is normally interpreted to be (0.60m/s) when flowing full. (5)  
 
3.5.1.2 Pipe Sizes 
 
A minimum of 100mm diameter pipe shall apply. As soon as 
design flows indicate that a 100mm diameter pipe will flow more than 
60% of full capacity at full development, then a 150 mm diameter pipe 
should be adopted to ensure adequate ventilation. Similarly, with other 
pipe sizes the next size of pipe available should be used when the design 
flow exceeds 60% of the capacity of the smaller pipe. Pipes of a larger 
size than that required to carry the design flow should not be used to 
take advantage of the lesser grade. 
 
3.5.1.3 Minimum Grades 
 
Table 3.1. Minimum Slopes for Various Sized Sewers at a Flowing 
Full Velocity of 0.60 m/s and Corresponding Discharges, Based on 
Manning’s Formula With n = 0.013.                               Table (3.1): 
Sewer Hydraulics 
   Sewer                            Minimum                 Flowing Full                          
Diameter (mm)               Slope(m/km)           Discharge(l/s)  
    
    200                                    3.30                         18.8 
    250                                    2.45                          29.5 
    300                                    1.92                          42.4 
    375                                    1.43                          66.3 
    450                                    1.12                          95.4 
    525                                    0.912                        130 
    600                                    0.763                        170 
    675                                    0.652                        215 
    750                                    0.567                        265 
    900                                    0.444                        382                        
 
Table 3-1 lists sewer size, minimum slope for 0.60 m/s, and the 
corresponding quantity of flow. (6)  
 
Slopes slightly less than those listed may be permitted in lines 
where the design average flow provides a depth of flow greater than 
one-third the diameter of the pipe. Where velocities are greater than 4.5 
m/s, special provision must be made to protect the pipe and manholes 
against displacement by erosion and shock hydraulic loadings. (6) 
 
 
 
3.5.1.4 House Connections 
 
 The sewers of the house are laid on a straight line and grade using 
100 or 150 mm diameter pipe. The preferred minimum slope is 2 
percent although slopes as shallow as 1 percent are occasionally used. In 
some housing developments, the setback of dwellings from the street 
dictates the slope of the connection. Pipe trenches for laying the service 
line should be straight and should be excavated to the required slope.  
Where the soil is suitable for pipe support, the natural floor of the 
trench can be shaped to support the barrel of the pipe. Crushed stone or 
coarse sand may be used for bedding when fill is required to provide 
uniform support. High-quality pipe, watertight joints, and good 
workmanship are required to minimize infiltration and root 
penetration. 
 The connection to the street sewer should be made with a wye (Fig. 
3-3) or tee branch; the latter is preferred because a wye may be broken if 
the service line is rodded for cleaning. The tee may be installed, as is 
shown in Figure 3-4, with the branch turned about 45 degrees from the 
horizontal so that back flooding does not occur when the collecting sewer 
is flowing full. For a deep sewer, the vertical pipe riser is encased in 
concrete to prevent damage during backfilling. (6)  
All possible provisions should be made for future connections in 
the original construction by extending service lines from the street 
lateral to the curb line. The free end is then closed with a carefully fitted 
stopper until needed for a building connection.              
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
                Figure: 3-3 A wye branch connection (6) 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-4 (6) 
 
 
3.5.2 Design of the Pumping Station 
 
Assuming that the suction and delivery pipes have the same respective diameters as the inlet and outlet 
flanges, then the total head (or more simply the head) may be expressed as: 
         
 H = (Pd/w – Ps/w) + (Vd2/2g – Vs2/2g)                      (3.1) 
 
Where Ps/w, Pd/w are the respective suction and delivery pressure heads referred to the positional 
datum, and Vs, Vd are the respective velocities. The suction pipe is usually slightly larger than the 
delivery pipe, but as the velocities are not excessive in either, the difference in velocities heads is small 
and is usually neglected, in which case: 
 
                               H = Pd/w – Ps/w                                   (3.2) 
 
Another expression for the head follows from a consideration of external conditions. Thus for the 
typical case shown in Fig.2-4:  
                  
                     H = Hs + Hd + hfs + hfd                                              (3.3) 
   
Where Hs, Hd   are the static suction and delivery lifts respectively, and hfs , hfd are the energy head losses 
(friction + minor) in the suction and delivery branches, respectively. If the pump is situated below the 
level of the water surface in the suction well Hs is negative. 
Appling Bernoulli’s equation to the suction and delivery branches in turn we obtain: 
 
                              – Ps/w = Hs  + Vs2/2g  + hfs                   (3.4)  
and 
 
                                 Pd/w = Hd  – Vd2/2g + hfd                               (3.5) 
 It will be noted that summing Eq. (3.4) and (3.5), and utilising Eq. (3.3), we may obtain Eq. (3.1). (8) 
 
  
When continuation of gravity flow is no longer feasible, lift stations are required to elevate and 
transport wastewater in collection systems. In flat terrain, sewers en route to a treatment plant may 
increase in depth to the point where it is impractical to continue gravity flow. Here, a pumping station 
can be installed to lift the wastewater to an intercepting sewer at a higher level. Or, the pumps can 
discharge to a force main conveying wastewater under pressure to the treatment plant. So in the next 
chapter the design of the pumping station will be illustrated.    
 
3.5.3 Design of a Pumping Main 
 
The pumping layout is an important feature of any pumping installation and considerable care requires 
to be given to the provision of an efficient design. 
 On the suction side the aim should be to reduce head losses to a minimum so as to keep the total 
suction lift within the prescribed limits. This usually means that the pump must be located adjacent to 
the suction well and a suction pipe of fairly liberal diameter - generally such as to give pipe velocities of 
between 1.5 and 2.5 m/s. Sluice valves on the suction side are rarely necessary and in no circumstances 
should they be used for regulating the flow.(8)      
 
 Turning now to the delivery branch, it is customary in the case of 
centrifugal pumps to control the flow by means of a sluice or gate type 
valve situated in close proximity to the pump. Normally the pump is 
started with this valve closed and then when the unit is running at 
normal speed it is opened the required amount, preferably to the full 
extent if energy is not to be wastefully expended. When the pumping 
main is of considerable length, a reflux valve is usually fitted on the 
pump side of the delivery valve. This is a flap type valve, arranged so as 
to open in the direction of flow only. On the cessation of pumping, and 
immediately the water column reverses in direction, the reflux valve 
closes, thus protecting the pump and suction piping from any harmful 
pressure rise. 
 
Economic considerations are involved in deciding the best 
diameter for the delivery pipe. The larger the diameter the higher is the 
capital cost, but on the other hand the lower is the running cost, because 
of reduced frictional losses. Several alternative pipe sizes may need to be 
investigated. Usually the pipe sizes selected result in velocities of 
between 1.5 and 3 m/s. 
 
The pipe system cannot be considered in isolation to the pump in 
an economic analysis, since the pump performance and the external 
pipe characteristics are inter-related. It is, of course, important that not 
only should the pump be capable of delivering the stipulated discharge, 
but that it should do so at or near its peak efficiency. (8) 
                   
 
 
Chapter Four 
Analysis of Data and  
Discussion 
 
Design of a sanitary sewer system network for the case study 
 
 The preliminary comparative analysis of the sewer sanitation system 
based on these criteria.  
• Sanitation system should be feasible in area with adverse ground 
conditions to avoid contamination of surface soil and ground 
water.  
• System should be applicable to high-density settlements.  
4.1 Environmental Sanitation in the area 
It includes the service levels available of the water supply, the disposal of the human waste, and the 
disposal of the wastewater. The local government upgrades the sanitation conditions in the area 
provided by applying some services such as water supply and the collection of the garbage.   
 
The Local Municipality has implemented regular collection of 
garbage within the whole city to resolve or minimize pollution problems. 
In this area, all households were required to collect their garbage in 
plastic bags or sacks and bring them to the trash bins along the main 
roads and pathways on land. The garbage inside the bins is then collected 
and brought to a dumping area. This organized system helped minimize 
the pollution problems.  
 
4.1.1 Water Supply   
 
Khartoum State Water Corporation manages the water supply system of the city. Connections of pipes 
from the city lines are provided to the area. Water pressure from the city lines to the houses varies 
during the day and night.   
 
4.1.2 Wastewater Disposal  
 
The facilities of the sanitation in the study area are the private septic tanks built by the people 
themselves inside the plots. They do not guarantee the safe disposal of the excreta. So problems 
associated with these septic tanks are leakage and clogging. 
Bathing, laundry, and the kitchen wastewater is disposed off into septic tanks and then in ground water 
tables by means of wells located inside the plots. 
 The problems of effluent of septic tanks may occur, considering that the ground water level in most of 
these areas is high and the population density is great. 
Therefore this septic tanks system will no longer be used by this proposed study for this area. Instead 
the cconventional sewers are rapidly gaining popularity in unswered areas. 
Conventional sewers usually are well suited in high-density 
developments because of the easy installation and maintaining of the 
manholes without using the interceptor tanks. 
Large diameter pipes designed with straight alignment and uniform gradients to maintain self-cleansing 
velocities. 
In the context of El SAFIA community, the application of this system 
is more advantageous than the other options. In this set-up each household 
can have pourflush toilets connected to the sewer lines. For waste treatment, 
the main sewers lines can be connected to the proposed pump station and to 
the industry pump station with main raise line length of 1.30 km (see Fig. 4-
1) and then to the wastewater treatment plant at Elhaj Yousif area.   
 
4.2 Design Tabulation  
 
 Basic information for designing sewers are tabulated for easy of 
computation. In the design tabulation sheet columns (1to16) show the 
parameters computed in table (4.1). 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 4-1. The rise-main from the pump station to the main pump at 
industry area 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
From these tables the following parameters can be computed in table (4.2): 
 
Table (4.2) 
Loop No. From M.H. No. 
To M.H. No. 
Depth of Final 
M.H. in m 
The Final 
Effluent (Peak 
Flow) in L/sec. 
A 32 to 23 5.778 472.796 
B 19 to 1 6.185 452.630 
C 52 to 47 6.338 859.324 
D 89 to 83 6.194 193.824 
E 101 to 92 4.480 216.231 
Total 
Effluent  
 
- 
 
- 
 
2194.805 
 
Table (4.2) shows that the final manholes at the proposed pump 
station (as illustrated in fig. 3-2) are the manhole numbers 32,1,47,83, and 
92 with depth 5.778 m, 6.185 m, 6.338 m, 6.194 m and 4.480 m 
respectively. And the final effluents from these manholes are 472.796 l/s, 
452.630 l/s, 859.324 l/s, 193.824 l/s and 216.231 l/s respectively. Resulting 
the total final effluent entering the pump station is 2194.805 l/s.  
 
This effluent will be raised to the industry pumping station by the 
main rise line with length of 1.30 km (Fig. 4-1) and then to the wastewater 
treatment plant at Elhaj Yousif area.   
 
  
4.3 The Design of the Pumping Station  
 
 The pumps were designed for average flow: 
 
       The total flow to the wet well at pumping station (Q) = 2.195 m3/s 
                                                        
                              The average flow (Qav) = (Q/4)  
                                                                    = 2.195 m3/s /4  
                                                                    = 0.55 m3/s 
 
Assuming two pumps to be operated at the same time: 
 
       The average flow for each pump (Qav1,2) = (Qav/2) 
                                                                        = 0.55 /2  
                                                                        = 0.275 m3/s 
 
To design a suction pipe diameter (DS): 
 
 Assume pipe velocity (VS) of 2.5 m/s: 
 
The circular area of the pipe (AS) = Qav1 /VS 
                                                                                    = 0.275 m3/s / 2.5 m/s 
                                                      = 0.11m2 
                                                                            AS = π DS2 /4  
                          Therefore       DS = 0.374 m (=374 mm) 
 
Then the suction side of the two pumps sized 374 mm for each. 
 
To design a delivery pipe diameter (Dd) (The rise-main): 
 Assume pipe velocity (Vd) of 3 m/s: 
 
The circular area of the pipe (Ad) = Qav /Vd 
                                                                                    = 0.55 m3/s / 3 m/s 
                                                      = 0.183 m2 
                                                                            Ad = π Dd2 /4  
                     Therefore            Dd = 0.48 m (= 480 mm) 
 
Then The rise-main diameter (Dd) sized 480 mm with the length of 1300 m 
to the main pumping station. 
 
In dry pit pumping stations the pumps may be either vertical or 
horizontal (Fig. 4-2). The pump takes suction through a wall pipe to an 
adjoining wet well, is accessible for maintenance and service at all times, 
and is less subject to corrosion than if it were submerged (Fig. 4-3). 
 
In small pump stations the pump is sized to meet the peak flow 
and lower flows accumulate in the wet well until sufficient liquid is 
present to permit the pump to run for at least 2 min.      
It is standard practice to permit sufficient storage in the wet well to insure that the pump will not start 
more than once in 5 min. 
 
The head on the pump follows from a consideration of external conditions. Thus for the typical case 
shown in Fig.2-4:  
                  
                     H = Hs + Hd + hfs + hfd                                              (4.1) 
   
Where Hs, Hd   are the static suction and delivery lifts respectively, and hfs , hfd are the energy head losses 
(friction + minor) in the suction and delivery branches, respectively. 
 
hfs =  f*Ls /Ds* VS2/2g 
 
where f is the friction loss in the suction side, and Ls  is the length of the suction pipe. 
 
 f = 0.0165, Ls is 2 m and VS 2.5 m/s, therefore  
 
                   hfs = 0.0165* (2/ 0.374) * (2.5)2 / (2*9.81) 
                        = 0.03 m 
We have two pumps, therefore hfs   * 2 = 0.03*2 = 0.06 m                  
 
hfd =  f*Ld /Dd* Vd2/2g 
 
where f is the friction loss in the delivery side, and Ld  is the length of the delivery pipe. 
f = 0.016, and Vd is 3 m/s. 
The length of the rise main (Ld), the distance from the pump station to the main pumping station, is 
1300m, therefore  
             
hfd = 0.016* (1300/ 0.48) *(32) /(2*9.81)   
      = 19.88 m      
 
The minor heads, which include entrance loss, loss at elbows, enlargements, and contractions, are 
expressed as K Vd2/2g. K is an empirical coefficient, which depends upon the velocity in the pipe, 
curvature of elbows, conditions at the point of entrance, and type of transition and relative sizes of the 
pipes at changes of size.  
Assume K is to be 5, therefore 
   
                                K Vd2/2g = 5 * 32 / (2*9.81) 
                                                = 2.3 m 
         Hd = 6.33 m (the max. depth of the effluent pipe of the sewer system) +2 m (the depth of the pump 
under the effluent pipe) +2 m (the elevation of the main pumping station at the industry area from the 
pumping station) = 10.33 m 
 The total head on the pump: 
 
                H = 10.33 + 0.06 + 19.88 + 2.3 = 32.57 m 
 
Power of the pump (P) in (kw, kN m/s,) = Qav H γ / η 
Where γ is the specific gravity of the liquid in (kN/m3), and η is the efficiency of the pump (in %age). 
 
                                  P = (0.54875 * 32.57 *0.95) / 0.85 
                                     = 20 kw 
Two pumps were proposed, therefore the power for each will be  
  
                                  P = 20 / 2 = 10 kw 
 
The design of the wet and dry wells 
 
The determination of wet well volume (V) = Qav * T  
Where T (in min.) is the time of filling the wet well by the wastewater during the time at which the 
pumps not working, assume it to be 6 min. 
                     
                    V = (0.54875 m3/s) * (60 sec.)* 6 min. 
                        = 197.55 m3    
Assume the dimensions of the wet well will be 12 m for the height, 4.12 m for the length and 4 m for 
the width.     
 
                                 
          
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 4-2. In dry pit pumping stations the vertical or horizontal 
pumps. (8)  
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 4-3. The wet and dry well pumping stations  
 
4.4 Cost Estimations  
 
Table (4.3) below illustrates the cost estimation (in Sudanese 
Dinar) of the pipes of uPVC 8 bar with the diameters range from 150 
mm to 600 mm (6 to 24 inch), according to their different relative 
lengths.    
 
Table (4.3): Cost Estimation of The sewers 
Diameter of 
the pipe in 
mm 
Diameter 
of the pipe 
in inch 
Length of 
the pipe in 
m 
Cost in Sudanese Dinar 
150 6 300 50*10500=525000 
200 8 1225 201*25000=5025000 
250 10 4765 794.2*35000=27795833.33 
300 12 3375 562.5*55000=30937.5 
350 14 470 78.33*85000=6658333.33 
400 16 1410 235*100000=23500000 
450 18 1230 205*145000=29725000 
500 20 215 35.833*175000=6270775 
550 22 430 71.67*195000=13975650 
600 24 535 89.17*240000=21400800 
Total    13955 134907329.16 
 
This estimated cost for the pipes is about US $ 514913.47.  
 
 
 
 
Table (4.4): Cost Estimation of the Pumping Station with Rising main  
The Item No. /or length Cost in Sudanese 
Dinar 
Pumping station 3 pumps and building of wet & dry 
well 
3*2620000 + 1572000 =9432000 
The rising main (1300m/6), (sized 14 in.) 216.6666*85000=18416666.666 
Total  27848666.666 
 
This estimated cost of the pumping station and the rising main is about 
US $ 106292.621.  
                                                                                                                          
Excavations Cost Estimation  
 
The cost estimated of the all excavations for the sewer network is about 13955000 (13955m*1000) and the rise main (1300 m) is 
about 1300000 (1300m*1000) Sudanese Dina. The total is 15255000 SD, which is equivalent to US $ 58225.19. This cost is 
acceptable and it can make ability for the area.   
 
  
      Cost of the pumping station and rising main =27848666.666  
      Cost of the pipes                                                = 134907329.16 
      Excavations costs                                              = 15255000 
      Total costs                                                      = 178010995.826 SD 
                                                                              ≈ 679431.28 US $ 
 
4.5 Discussion: 
4.5.1 Hydraulic of Network 
  
The study area is subdivided into five loops converging to the 
pumping station with total flow of about 2.2 m3 / sec at an inlet invert 
level of 6.4 m.  
From the results obtained on the design tabulation we note that the network extend to a length of (1.150 
to 1.300 km) and a width of (0.675 to 0.800 km) serving about 70 blocks of El SAFIA city with the 
allow a growth increase of 50% in the future. The sewers lines are 98 lines with the diameters range 
from 150 to 600 mm, two of these lines have a diameter of 150 mm, and five of the main sewers have 
600 mm with the length of 50 m, 195 m, 150 m, 75 m, and 65 m. The gradients are in the range 0.004 to 
0.015 (1:250 to 1:67). The self–cleansing velocities range 0.63 to 2.984 m/sec which are optimum 
velocities. 
Figure 3-2 shows location of the project area. The sewers of line numbers of 1 to 23, with manholes 
from 32 to 23 cover the area (loop A) north and west to north the Playing Field. The sewers of line 
numbers of 24 to 44, with manholes from 19 to 1 cover the area (loop B) west the Playing Field. The 
illustrative design of sewers of line numbers of 45 to 79, with manholes from 52 to 47 covers the area 
(loop C) south and west to south the Playing Field. The portion (loop D) east to south the Playing Field 
covered by the sewers of line numbers of 80 to 87, with manholes from 89 to 83. And finally the sewers 
of line numbers of 88 to 98, with manholes from 101 to 92 cover the area (loop E) east and east to north 
the Playing Field. 
The proposed pump station, which site is on the south of the south 
Garden and south- east the Playing Field. At which the final end loops' 
manholes (32, 1, 47, 83, and 92) are closer to, (Figure 3-2) and their final 
effluents accumulated by gravity and enter to the sump pump and then 
to the pump station. This pump station proposed to be designed with 
three pumps, two of them can work independently and the third one as 
standby. The pumps are to be controlled automatically to adjust to 
changing flows. 
All these sewers lines are illustrated in the layout Figure 4-4, without the blocks of the city. And also 
the proposed pump station. The Figure shows the numbers and the directions of the sewers line, and the 
flow carried by each sewer line. 
 The rise main line, with the length of 1.3 km forwards to the east 
of this proposed pump station (Figure 4-1), which carryout the pumped 
wastewater to the industry main pump station which pumps all the 
wastewater to the treatment facility plant at El Haj Yousif area east of 
El SAFIA.             
 
4.5.2 Sewer Profile 
 The profiles (see the profiles figures from 4.5 to 4.14) show the ground surface, sewer line giving slope 
and diameter, velocities and elevation of the sewer invert at each manhole.  
The sheets also contain a tabulation of lengths of pipe, and the 
numbers and depths of manholes. 
The profiles show the sanitary sewers (sub – main, lines of 
numbers 1, 2, 3, 9, 10, 12, 62, 63, 64, 69, 70, 71, 80, 81, and 82) by 
Figures 1 to 5), and also the Figures 6 to 10 show the sanitary sewers 
(main – lines of numbers 41, 42, 44, 68, 78, 79, 93, 95, 98, 85, 86, 87, 8, 
21, and 23) as examples.  
Generally sewers are laid at least 3.0 m horizontally from a water 
main. If local conditions prevent this lateral separation, a sewer may be 
laid closer if the crown of the sewer is, at least, 0.5 m below the bottom 
of the water main, and the pipes are placed in separate trenches. The 
minimum vertical separation for sewers crossing under water mains is 
0.5 m between the bottom of the water main and top of the sewer.      
 
 
 
 
 
 
 
  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure: 4-4 Sewers lines layout, without the blocks of the city 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure: 4-5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Figure: 4-6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure: 4-7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure: 4-8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure: 4-9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure: 4-10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure: 4-11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure: 4-12 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 4-13 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 4-14  
 
 
4.5.3 Manholes 
 
For small diameter pipes, the manhole is usually constructed directly over the center line of the sewer. 
For very large sewers, access may be provided on one side with a landing platform for the convenience 
of introducing cleaning equipment. Manholes frames and covers are usually cast iron with a minimum 
clear opening of 500 mm. Solid covers is used on sanitary sewers. Steps or ladder rungs are placed for 
access. Walls may be constructed of precast concrete rings, concrete block, brink, or poured concrete. 
 
If a sewer changes direction in a manhole without change of size, a drop of 15 to 30 mm is provided in 
the manhole channel to account for head loss. When a smaller joins a larger one, the bottom of the 
larger pipe should be lowered sufficiently to maintain uniform flow transition.  
 A drop manhole is used when it is necessary to lower the elevation of a sewer in a manhole more than 
0.6 m (Figure 4-15).  
 
Manholes should be placed: at all changes in sewer grade, pipe 
size, or alignment; at all intersections; at the end of each line; and at 
distances not greater than 120 m for sewers 375 mm or less, and 150 m 
for sewers 450 to 750 mm.             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure: 4-15 Sewer manholes. (a) Typical sewer manhole. (b) Drop 
manhole.(6)  
 
4.5.4 Pump Station and Rise main  
  
The pumping station was designed for average flow. It was 
designed to be composed of three pumps, two of them working at the 
same time and the rest as standby. 
Every pump power should be 10 kw. 
The suction side of the two pumps sized 374 mm for each. 
The wet well designed with dimensions of 12 m for the height, 4.12 m for the length and 4 m for the 
width.     
The rise-main sized 480 mm with the length of 1300 m from the pump 
station to the main pumping station. 
 
Pumping stations are expensive to install, require periodic 
inspection and maintenance. 
Pumping stations with separate wet and dry wells are preferred to 
wet well-mounted lift stations.  
 
4.5.5 Cost Estimation  
 
The cost estimation of the pipes of uPVC 8 bar with the diameters 
range from 150 mm to 600 mm (6 to 24 inch), according to their 
different relative lengths. This cost for the pipes is about US $ 514913.47 
is reasonable and therefore this study, which provides future increase 
50% in the total flow, can be applicable for the case study.  
 
The estimated cost of the pumping station with three pumps and 
wet and dry well, and the rising main is about US $ 106292.621.  
                                                                                                                 
Excavations Cost Estimation  
 
The cost estimated of the all excavations for the network is about 
13955000 (13955m*1000) and the rise main 1300000 (1300 m*1000) 
Sudanese Dina. This cost is acceptable and it can make ability for the 
area.     
 
 
 
 
 
  
 
 
 
 
 
Chapter Five 
 
Conclusion and Recommendations 
General 
 
On-site sanitation systems have major environmental problems, 
particularly in densely populated area. Wherever possible sanitary sewers 
are a best option to replace on-site system. This study is for sewer system of 
El Safia district, which is one of the mostly densely populated areas in 
Khartoum North. Sewers proposed will connect almost every building in the 
district. Total length of the pipes is (13955 m). 
 The pipes proposed to be made from material of uPVC since it is less 
susceptible to cracks and breaks. uPVC has more tightly sealed joints so 
there is less leakage. It is also smoother, so it allows better flow 
characteristics. The size of piping varies from 150 mm (6 inches) to 600 mm 
(24 inches) in diameter, depending on the expected flow rates for the area. 
 
5.1 Conclusions: 
   1. On-site Sanitation system (septic tank) in El SFIA district will be 
replaced by sanitation sewer of length (13955 m). The area was divided into 
five loops which converged into a pumping station to raise the effluent to the 
main pumping station at a distance of about 1.300 km.    
             2. Basic hydraulic formulae are utilized in the design of sewer 
system and pumping station. Roughness coefficient adopted is (0.6 mm) for 
computation of sewers network. Optimum slopes were selected to minimize 
amount of excavations.    
             3. The detailed design of the sewer network covering all the case study area with the proposed 
pump station and a rising main to the industry pump station, and to the wastewater treatment plant at El 
Haj Yousif area are presented. Pumps selected are of specification as follows Qav = 0.55 m3 /sec, H = 
32.57 m, and Power = 10 kw    
    4. Cost estimation of the project is about (178010995.826 SD) equivalent to (≈ 679431.28 US $). 
5.2 Recommendations:     
  To avoid negative impacts in environment, particularly for this case 
study, the following recommendations might be taken in consideration for 
improvement and for further studies:    
          1. Integrate planning for wastewater with the planning for other 
sectors, such as water supply, solid waste, and land use. 
2. Apply the designed network system on the case study area with the 
proposed pump station and a rising main to a wastewater treatment plant. 
         3. Strive to apply the principles of “the water user pays” and “the 
polluter pays” in the wastewater management systems.  
          
         4. In order to accommodate waste from the Khartoum 
North Industrials Area, rehabitaion of El Haj Yousif treatment 
plant more necessary, as it is now completely in operational.     
          
          5. Installations and erection of sewer lines should be followed by a 
proper as built drawing so that to avoid  the damaged of the system in 
the future by any other infra structure such as electrical cables, 
telephone lines or water pipe,….etc.          
                 
 6. For system sustainability: 
      The long-term sustainability of sewer systems can be ensured 
by: 
               1. a good partnership between the community served by 
sewerage and the sewerage authority; 
     2. good design; 
     3. good construction; 
     4. good maintenance; 
     5. an adequate, but affordable, tariff structure. 
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Appendix 1  
 
Velocity of Flow Equations 
 
In the 18th and 19th centuries three principal equations for the 
velocity of flow in open channels and pipes were developed. These are: 
 
         (1) The Chézy equation, 
         (2) The Gauckler-Manning equation, and 
         (3) The Darcy-Weisbach equation. 
 
The Chézy and Gauckler-Manning equations are related as the 
Ganguillet-Kutter equation for the Chézy coefficient of flow resistance 
includes the Kutter roughness coefficient, n which is identical to that 
used in the Gauckler-Manning equation. 
 
The Darcy-Weisbach equation introduces the Darcy-Weisbach 
friction factor, f, which for turbulent flow in both rough and smooth 
pipes is given by the Colebrook-White equation used in modern sewer 
design (see, for example, Butler and Pinkerton, 1987). 
 
To these three equations, we can add a fourth: 
 
         (4) the Escritt equation, 
also used in modern sewer design (Escritt, 1984). 
The discussion that follows is based principally on Chow (1959), Yen 
(1992) and Chanson (1999). 
A1.1 THE CHÉZY EQUATION 
 
Antoine Chézy developed his equation for the velocity of flow in 
1775 (Chézy, 1776): 
 
              v = CCh r1/2i1/2                                               (A1.1) 
 
where CCh is the Chézy coefficient of flow resistance, defined by the 
later Ganguillet-Kutter equation 
(Ganguillet and Kutter, 1869) as: 
 
    CCh={23+(0.0155/i)+(1/n)}/{1+[23 + (0.0155/i)(n/r1/2)]}      (A1.2) 
 
where n = Ganguillet-Kutter roughness coefficient (dimensionless, but 
see Section A1.2.1). 
 
A1.2 THE GAUCKLER-MANNING EQUATION 
 
As noted in Section 2.9, the Gauckler-Manning equation was 
developed by Gauckler (1867, 1868) and Manning (1890) (and also by 
Hagen, 1881; see Cunningham, 1883). The original form of the equation 
was: 
                    v = CGM r2/3i1/2                                                     (A1.3) 
 
where CGM is the Gauckler-Manning coefficient of flow resistance, now 
taken as the reciprocal of n in the Ganguillet-Kutter equation (n is now 
known as Manning’s n, rather than as Kutter’s n). 
 Strickler1 (1923) gave the following equation for n: 
 
                             n= d501/6  / n 21.2                               (A1.4) 
 
where d50 = median sediment diameter, m. 
 
Strickler’s equation for n is important as it was the first to attempt to 
relate the coefficient of roughness to sediment size, a concept later 
developed by Nikuradse (1933) in his use of an equivalent sand grain 
size as a measure of the effective roughness height (ks). Williamson 
(1951) used Nikuradse’s adjusted data to give the following relationship 
between n and ks: 
 
                      n =  k s1/6 / 26.4                                          (A1.5) 
 
where ks is in m (the value of ks is commonly given in mm, but its unit 
in equations A1.5, A1.6, A1.7 and A1.10 is m). 
 
A1.2.1 Dimensions of n 
 
The original metric version of the Gauckler-Manning equation 
(i.e. for v in m/s and r in m) is equation 2.13: 
 
___________________________ 
      1In France and francophone countries the Gauckler-Manning 
equation is generally known as the Manning-Strickler equation with 
CGM written as k (see Carlier, 1985). 
                          v = (1/n) r2/3i1/2                                                        (2.13) 
 
The corresponding “English” version (for v in ft/s and r in ft) is: 
 
                          v = (1.486/n) r2/3i1/2                            (2.13a) 
 
The numerical values of n used in equations 2.13 and 2.13a are the same 
(for example, 0.013 for slimed sewers). Thus, assuming that the two 
numerators (1 and 1.486) are pure numbers (i.e. dimensionless), the 
dimensions of n would be TL-1/3; Chanson (1999), for example, gives the 
units of n as s/m1/3. However, as pointed out by Chow (1959), it is not 
reasonable for n to contain a dimension of time since it is a measure of 
surface roughness, and therefore should contain only some dimension of 
length. 
 
If the numerators (1 and 1.486) are not considered pure numbers, 
but rather to contain v'g (which has units of m1/2/s), then there are two 
possibilities (Chow, 1959): 
          
       either the numerators have the dimensions of L1/3T-1 and n is 
dimensionless, 
 
               or the numerators contain only v'g so leaving the dimension of 
L1/6 for n (i.e. n has units of m1/6 or ft1/6). 
 
In fact Chow (1959) shows that: 
 
                       n =[Ф(r/ks)] ks1/6                                                        (A1.6) 
where ks is the Nikauradse equivalent sand grain size which has the 
dimension of L. Assuming that Ф(r/ks) is dimensionless, equation A1.6 
confirms that n has the dimension L1/6 (as indeed shown by equations 
A1.4 and A1.5, assuming their denominators are pure numbers). 
 
Chow (1959) further points out that: 
 
(1) if n is considered dimensionless, then the conversion of the              
metric form of the equation to its English form involves 
conversion of the length dimension of the numerator (L1/3), that is 
the conversion of m1/3 to ft1/3. Thus, since 1 m = 3.2808 ft, the 
numerator in the English equation is 3.28081/3, i.e. 1.486, and so 
equation 2.13a is obtained. 
(2) if n has the dimension of L1/6 , then its values in equation 2.13 
and 2.13a cannot be the same as the factor 3.28081/6 (= 1.219) must 
be involved. That is to say, if n is the value in metric units and n'  
that in English units, then 
                         
                             n' = 1.219 n                               (2.13b) 
 
 and since n and n' have dimensions of L1/6, the numerators now 
have the length dimension of L1/3 + 1/6, i.e. L1/2. The English 
numerator is thus 3.28081/2, i.e. 1.811, and the English form of 
the equation is: 
                                       v = (1.811 / n') r2/3i1/2                 (2.13c) 
 
Substituting equation 2.13b: 
 
                                      v = (1.811 / 1.219 n) r2/3i1/2 
 
                                         = (1.486 / n) r2/3i1/2                  (2.13a) 
 
Thus equation 2.13a can be obtained both on the assumption that n is 
dimensionless, and if it has the dimensions of L 1/6. As noted by Chow 
(1959), it was simpler for those working in the late 19th and early 20th 
centuries to take n as dimensionless and use the same value for it in both 
the metric and English forms of the equation (and so avoid the 
incongruity of using n = 0.013 m1/6, for example, in equation 2.13a which 
otherwise contains only English units). However, from the point of view 
of modern fluid mechanics, it is clearly preferable to consider that n is 
related to the Nikuradse equivalent sand grain size and thus, from 
equation A1.5, has dimensions of L1/6. 
 
A1.2.2 A modern form for the Gauckler-Manning equation 
 
Dooge (1992) completes his erudite review of Manning’s equation 
with the following paragraph (which we might amend only to refer to 
both Gauckler and Manning): 
 
“If Manning were with us today he would be pleased to learn that his 
formula was still being widely used. However, he would probably argue 
trenchantly that the formula should be written in the form: 
                             v = M (r / ks)1/6(g r i)1/2                 [(A1.7)] 
 
so that M would be a dimensionless constant varying slightly with the 
shape of the channel. Manning would also probably recommend 
strongly a carefully planned series of experiments to determine M for 
the range of shapes of cross section important in engineering practice. He would be right to so argue in both cases.” 
 
From equations 2.13 and A1.5 the value of M in equation A1.7 can be 
shown to be 8.4. 
 
A1.3 THE COLEBROOK-WHITE EQUATION 
 
The Darcy-Weisbach equation, developed by Weisbach (1855) and the basis of the modern Colebrook-White 
equation, is given by: 
 
                           v = v'(&g / f ) r1/2i1/2                                 (A1.8) 
 
where f is the dimensionless Darcy friction coefficient. Inspection of 
equation A1.8 shows that the term v'(&g / f )  is the Chézy coefficient, 
CCh (see equation A1.1). 
The definition of f has occupied many hydraulic engineers over the past 
150 years, and equations for laminar, transient and turbulent flow were 
developed to relate f to the Reynold’s number (Re), defined as: 
 
                                 Re = vr /υ                                            (A1.9) 
 
where υ = kinematic viscosity, m2/s. 
 
For turbulent flow (Re > 25 000) in both smooth and rough pipes f is 
given by the Colebrook-White equation (Colebrook, 1938; see also  
Butler and Pinkerton, 1987 and H R Wallingford and Barr, 1994):2 
                   1/f1/2= - 2 log [(ks/14.8r) + (0.63/Ref1/2)]             (A1.10) 
A1.4 THE ESCRITT EQUATION 
Escritt (1984) gives his equation for wastewater flow in circular sewers in the form: 
                               v = 26.738 D0.62i1/2                                          (A1.11) 
where v = velocity of flow, metres per minute 
          D = diameter, millimeters 
Changing the units of v to m/s and D to m and writing D as 4r gives: 
                              v = (1 / 0.013) r0.62i1/2                                      (A1.12) 
The hydraulic radius, r in this equation is “not the cross-sectional area 
divided by the wetted perimeter, but averaged, with remarkable 
accuracy, the cross-sectional area divided by the sum of the wetted 
perimeter and one-half the width of the water-to-air surface” (Escritt, 
1984), that is:3 
                             r = a / [p + (b/2)]                                 (A1.13) 
Equation A1.12 shows the Escritt equation to be a variant of the 
Gauckler-Manning equation, with n taken as 0.013 for slimed sewers, 
and with r defined by equation A1.13 and having the exponent 0.62 
rather than 2/3. 
 
_______________________________ 
2 Different values of the constants 14.8 and 0.63 in equation A1.10 are used in the 
Colebrook-White equation given by both Butler and Pinkerton and HR Wallingford 
and Barr, as these authors give the equation in terms of D rather than r (D = 4r), 
and they define Re as vD/ ύ rather than as vr/ ύ. 
3 Based on their measurements on the Mississippi River, Humphreys and Abbot 
(1861; cited in Dooge, 1992) give an equation for the velocity of flow in large streams 
which contains the terma / (p + b). 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
